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ABSTRACT
INFLUENCE OF lON-COMPLEXATION ON THE ALIGNMENT OF
POLYSTYRENE-5LOC^-POLY(METHYL METHACRYLATE)
COPOLYMER THIN FILMS UNDER AN ELECTRIC FIELD
MAY 2008
JIA-YU WANG, B.S., JILIN UNIVERSITY
M.S., JILIN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell
With the miniaturization of devices, block copolymers (BCPs) are
emerging as promising candidates for scaffolds and templates in the fabrication
of nanoscopic structures. Key to the use of BCPs is control of the orientation and
lateral ordering of their microdomains in thin films. An external electric field was
previously shown to effectively orient BCP microdomains in a desired direction.
However, complete alignment of microdomains in BCP thin films remains a
challenge due to achieve due to the preferential interactions of blocks at the
interfaces with the electrodes. Here, we demonstrate that lithium-PMMA
complexes, formed by adding lithium salts to polystyrene-Zj/ocA:-poly(methyl
methacrylate) (PS-/>PMMA) copolymer, markedly enhanced alignment of BCP
microdomains in thin films under an electric field, mainly by the increased
dielectric contrast and mediated surface interactions, which significantly reduced
viii
the critical field strength. In addition, formation of lithium-PMMA complexes
induces a transition in the reorientation process of lamellar microdomains, from
disruption/re-formation to grain rotation. The transition arises in an increase in
the segmental interaction parameter, Xcffc, of the ion-complexed copolymer,
which drives stronger phase segregation. This feature is evidenced by increase of
microdomain spacing and ordering, the induced disorder-to-order transition
(DOT), and order-to-order (OOT) transitions (sphere-to-cylinder, S-to-C). The
increase in Xeffc is further confirmed by small-angle neutron scattering (SANS)
from the complexed copolymers in the disordered state. Moreover, the
temperature dependence of XefTc for the complexed copolymer becomes weaker
than that of the neat copolymer.
The electric-field-induced sphere-to-cylinder transition in thin films
depends on the strength of the interfacial interactions. As a result, a strong
preferential interfacial interaction suppresses the transition. However, the
formation of ion-complexes enhances the ability of an applied electric field to
induce S-to-C transition even on a surface with unbalanced interfacial
interactions, providing a simple route to ordered arrays of high aspect ratio
cylinders oriented normal to the surface.
ix
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CHAPTER 1
INTRODUCTION
1.1 Thesis Overview
This thesis is composed of eight chapters. Chapter 1 gives a general
background of the related fields and discusses the motivation of research.
Chapter 2 describes the enhanced alignment of lamellar microdomains under an
electric field with the formation of lithium-PMMA complexes in polystyrene-
^/ocA-poly(methyl methacrylate) (PS-/j-PMIV1A) copolymers. The dependence of
the microdomain alignment on the amount of lithium-PMMA complexes and
film thickness is also presented. Chapter 3 focuses on understanding of the origin
of ion-complexation enhanced alignment of the lamellar microdomains under an
applied electric field and demonstrates the change in interfacial interactions and
dielectric constant ofPMMA block due to the formation of lithium-PMMA
complexes. Chapter 4 describes the ion-complexation-induced transitions in
kinetic pathways for the reorientation of lamellar microdomains under an electric
field. The increase in the immiscibility of complexed copolymers as the origin of
the transition in kinetic pathway is proposed. Chapter 5 compares the phase
behavior of complexed PS-/7-PMMA copolymers with that of neat copolymers
over a wide range of molecular weights and PS volume fractions. The influence
of ion-complexes on phase behavior is also discussed. Chapter 6 quantifies the
change of the segmental interaction parameter, and statistical segmental length
as a fiinction of temperature for the complexed copolymers. Chapter 7 discusses
the effect of interfacial energy on the electric field induced sphere-to-cylinder
1
transition. In addition, the effect of ion-complexation on the electric field
induced sphere-to-cylinder transition in thin films is demonstrated. Chapter 8
outlines the future directions of research.
1.2 Background
1.2.1 Effect of lon-Complexation on BCPs
Ion-polymer complexes have received considerable attention since they
exhibit high ionic conductivity, stable electrochemical characteristics, and
excellent mechanical properties.''^ In addition, metal-precursor ions can be
confined within the nanoscopic microdomains of block copolymers (BCPs), and
through subsequent reduction reactions, the metal ions can be converted to the
corresponding metal, providing a simple route for the generation of metallic
nanoparticles within the minor component phase of BCPs. ^"^
BCPs are comprised of two or more chemically different polymer chains
that are covalently bonded together at one end.'""'" Owing to the positive mixing
enthalpy and low mixing entropy of polymers, dissimilar blocks tend to phase
separate into ordered arrays of microdomains. The size of the microdomains is
constrained by the chemical connectivity of the blocks and, therefore, limited to
spatial dimensions of BCP chain (tens of nanometers). This is the ideal size-scale
for the high-density templates for use in data storage and microelectronic
devices. The phase behavior of diblock copolymers is controlled by the volume
fraction of one component f and the degree of microphase separation /N, where
N is the degree of polymerization and x is the Flory-Huggins segmental
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interaction parameter. At low /N, diblock copolymers are in a disordered state,
that is, the two blocks are homogeneously mixed. As xN increases, a disorder-to-
order transition (DOT) occurs. In the ordered state, diblock copolymers can form
arrays of nanoscopic spherical, cylindrical, gyroid and lamella microdomains by
varying f, as shown in Figure 1
.
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Figure 1 . Diblock copolymers are predicted to self-assemble according to a phase
map by self-consistent mean field theory taken from reference 13.
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The formation of ion-copolymer complexes by the introduction of metal
ions into BCPs can dramatically change the phase behavior of BCPs, especially
for those containing a poly(ethylene oxide) (PEO) or poly(vinyl pyridine) (PVP)
block, which can strongly coordinate with metal ions. Mayes and coworkers
observ ed a significant increase in the order-to-disorder transition temperature
(ODT) in poly(methyl methacrylate)-/)-poly(oligo oxyethylene methacrylate)
(PMMA-/7-POEM) copolymers when lithium trifluoromethane sulfonate
(LiCFsSOs) was complexed to the PEO side chains."^ Bates and coworkers
investigated the influence of lithium perchlorate (LiClOa) on phase behavior of
poly(styrene-6-isoprene-6-ethylene oxide) (PS-Zj-P1-^-PE0) and poly(isoprene-/7-
styrene-/)-ethylene oxide) (PI-/7-PS-/?-PE0) triblock copolymers and found an
increase of ODT and microdomain spacing.'^' They attributed the changes to
both increase of x and changes in PEO chain statistics. Recently, an increase in
the ODT and microdomain spacing were also observed in PS-/7-P2VP
copolymers complexing with cadmium chloride (CdCb). " Rather than argumg
for increased x, the authors suggested that the changes in conformation of P2VP
arising from coordination of P2VP with Cd ions gave rise to the observed
changes.
lon-complexation also has an effect on the orientation and lateral ordering
of BCPs microdomains in thin films. This was first reported by Russell and
coworkers. By doping inorganic salts into PS-Z)-PEO copolymers, they
observed a salt-induced transition in the orientation of the PEO cylindrical
microdomains from being parallel to perpendicular to the substrate surface and
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markedly enhanced lateral order in the solvent-annealed thin films. Similar
effects were also observed in PS-/)-P2VP and PEO-^-PMA(Az) ^' copolymer
thin films. They found that the orientation of the cylindrical microdomains
strongly depended on the salt concentration and the ability of the ions to complex
with the polymer chains.
1.2.3 Electric Field Alignment of BCP
The ability of self-assembly into ordered arrays of nanoscopic elements
makes BCPs ideal templates and scaffolds for the fabrication of nanostructured
materials. '"' --^ -^^ Key to the realization of these applications is control of
orientation and lateral ordering for BCP microdomains. An external electric field
is an effective means of aligning the microdomains in the direction of the field.
Pioneering experiments by Amundson and coworkers showed that the alignment
arises from the energetic cost associated with the misalignment of the interface
between two dielectric media. " The transition from parallel to perpendicular
orientation is first order and generally occurs when the electric field can
overcome the parallel orientation induced by interfacial interactions."*^"^' The
difference in the dielectric constants of the microdomains is the driving force for
the alignment. In thin films, the electric field may be applied to orient the
microdomains either in the plane of the substrate or normal to it. In-plane
electrodes can be fabricated by the standard optical lithographic processes along
with electron-beam evaporation of a metal. By applying an in-plane field, the
long axes of cylinders in a PS-/)-PMMA thin film is aligned along the line of the
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field.^" Russell et al. studied this system in detail and demonstrated that
vertically ordered cylindrical PMMA microdomains could be achieved when the
electric field was applied across to the film. In addition, under a sufficiently high
electric field, spherical microdomains could also be deformed into ellipsoids. For
a thin BCP film with multiple layers of spheres, the ellipsoids can be sufficiently
stretched so that, eventually, they interconnect to form cylindrical microdomains
that penetrate through the film.
1.3 Motivations
The electric field-induced transition from spherical to cylindrical
microdomains was theoretically predicted to be ^ 70 V//^m for PS-/?-PMMA
BCP on the basis of the difference in dielectric constant between PS and PMMA
(sps ~ 2.5, £pMM4 ~ 6). This is much higher than the experimental applied electric
field strength of ~~- 40 Y/fim. To explain the inconsistency, Tsori et al.
proposed a "free ions mechanism" and argued that the presence of dissociated
lithium ions in the BCP would considerably lower the electric field strength
required to induce the sphere-to-cylinder transition. '^^''^^ Experimental studies by
Xu et al. suggested that lithium ion impurities remaining from the synthesis of
the copolymer may amplify the influence of the applied electric field so that
complete alignment of lamellar microdomains normal to the surface is achieved
even without any surface modification. Questions persist, however, in terms of
the direct evidence that salt ions improve the microdomain alignment, the nature
of the interactions of the lithium ions with the BCP chains, the origin of the
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enhanced alignment and the etYect of change in BCP phase behavior on the
electric field alignment. These open questions lead us to undertake a systematic
study on the influence of salt ions on the electric field induced reorientation of
BCP microdomains in thin films.
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CHAPTER 2
lON-COMPLEXATION-ENHANCED ALIGNMENT OF PS-A-PMMA
COPOLYMER THIN FILMS UNDER AN ELECTRIC FIELD
2.1 Introduction
Alignment of the microdomains in block copolymer (BCP) thin films by
an electric field allows fabrication of periodically oriented, ordered
nanostructures that find use as templates, scaffolds and masks for the fabrication
of nanostructured materials.''^ The alignment of the microdomains arises from
the energetic cost associated with the misalignment of the interface between two
media with the applied field direction."*'^ In the case of diblock copolymers,
comprised of two polymer chains with different dielectric constants, sa and £b,
joined together at one end, the electrostatic contribution to the free energy is
proportional to {saSbT- While there has been numerous theoretical"*"'" and
experimental''"'^ studies on the electric field alignment of the nanoscopic
domains of copolymers, perfect alignment of the microdomains is not always
achieved due to the preferential segregation of one of the blocks to the interfaces
defining the film.'^ Pereira'"and Tsori'' theoretically described the orientation of
lamellar microdomains in symmetric BCP thin films, taking account of the
competition between the applied field, Eapp, and surface interactions. In the
strong segregation regime, there are two critical fields E/ and E2 when there are
strong, preferential interfacial interactions. For E„pp <Ei, the lamellar
microdomains orient parallel to the interfaces due to preferendal interactions and
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for Eapp >E2, the microdomains orient normal to the interfaces. When E/ < Ea,,,,
<E2, a mixed orientation of microdomains is predicted, in which the lamellar
microdomains near the interface align with the interface, and in the center of the
film, the lamellae orient in the direction of Eapp. Experimentally, dielectric
breakdown occurs before the complete alignment is achieved in neat BCP films
and only a mixed orientation is found. It remains a challenge to achieve the
complete alignment of lamellar microdomains in BCP thin films using electric
fields.
Here, we describe a method to controllably introduce LiCl into ?S-b-
PMMA copolymer. It is shown that the formafion of lithium-PMMA complexes
amplifies the effect of an applied electric field. As a result, the enhanced
alignment of lamellar microdomains normal to the surface is achieved.
2.2 Experimental
PS-/)-PMMA with a number-average molecular weight (M„) of 57,000
g/mol (57K), a polydispersity of 1 .09 and a PS volume fracdon of 0.60 was
synthesized by living anionic polymerization. PMMA homopolymer with a
weight-average molecule weight (A/„) of 540,000 g/mol was used as received.
BCP thin films were prepared by spin-coating solutions of the copolymer onto
silicon wafers having a native oxide layer that preferentially interacts with
PMMA.'^ A ~ 40 V/|im DC electric field was applied across the films at 170 °C
under vacuum for 20 hours as described in reference 15.
As shown in Figure 2, to introduce inorganic salt of lithium chloride
(LiCl) into PS-/7-PMMA copolymers, seperate solutions of LiCl in
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tetrahydrofuran (THF) (1 wt %) and PS-/7-PMMA copolymer in toluene were
mixed together at a given ratio and continuously stirred with moderate heating
(below 50°C) until the solution became clear. In method 1, the mixed solution
was sealed so no THF was evaporated; whereas in method II, the mixed solution
was kept open to air, allowing most of the THF to evaporate.
With Cover
Figure 2. The schematic pathway to introduce salt of LiCl into PS-/?-PMMA
copolymers
FT-IR absorption spectra of the copolymer films were collected on a
BioRad ExCalibur spectrometer with a resolution of 1 cm ' over a wave number
high resistive silicon wafers, a bare wafer providing the background spectra.
Bright field transmission electron microscopy (TEM) images were obtained
using a JEOL TEM200CX electron microscope operated at 200 kV. To prepare
TEM samples, a thin layer of carbon (~ 20 nm), which was used to prevent the
diffusion of epoxy into the sample and serve as a marker of the film boundary,
was evaporated onto the surface of the samples before embedding into epoxy that
Open to Air
range from 4000 to 400 cm . Spectra were obtained by using BCP films cast on
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was cured at 60 °C overnight. The fihris were removed from the substrate by
dipping into liquid N:. All samples were microtomed at room temperature with a
diamond knife, and then transferred onto copper grids. The thin sections were
exposed to ruthenium tetraoxide vapor for -35 min to enhance the contrast.
2.3 Results and Discussion
The two pathways in Figure 2 lead to integration of lithium ions in the
PS-b-PMMA copolymer in different states, as seen in the FT-IR spectra. Shown
in left of Figure 3 are FT-IR spectra of neat PS-Z)-PMMA films cast from a
toluene solution (A in Figure 2), a lithium chloride/THF/toluene solution (B in
Figure 2) and a lithium chloride/THF/toluene solution (C in Figure 2). The
carbonyl stretch absorption for PMMA at -1730 cm ' appears in all three spectra.
However, the carbonyl stretch band for the film prepared from the lithium
chloride/THF/toluene solution (B) was broader than that for pure PS-/)-PMMA,
since the film was sHghtly thicker and a new satellite band at -1702 cm ' was
seen for the film prepared from the lithium chloride/THF/toluene solution (C)
due to the Li *—0=C coordination. ' Consequently, some of the lithium ions
were coordinated with the carbonyl groups ofPMMA to form lithium-polymer
complexes in the film cast from solution (C), whereas in films cast from solution
(B), the lithium ions were uncomplexed with polymer chains, since THF
coordinates with the lithium ions more readily than PMMA, preventing the
formation of lithium-polymer complexes.'^ Shown in the right of Figure 3 are
cross-sectional TEM images of the copolymer thin films spin-coated from
solution (B) and solution (C) on silicon wafers with a native oxide layer after
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annealing at 1 75±5 °C under a ~ 40 V/|im DC electric field for 20 hrs. A mixed
orientation of microdomains was found in thin films from solution (B), with the
PMMA blocks preferentially segregating to the substrate interface. In
1800 1750 1700 1650
Wavenumbers (cm ')
Figure 3. Left: IR spectra of PS-/)-PMMA thin films cast from solufion (A), (B),
and (C), respectively. Right: Cross-sectional TEM images of PS-/)-PMMA thin
films spin-coated from solution (B) and solution (C) after applying a - 40 V/|im
DC electric field at 175±5 °C under N. for 20 hrs. Scale bar: 200 nm.
thin films from solution (C), the lamellar microdomains were found to orient
normal to the surface in the direction of the applied field, even at both interfaces
of the film. Thus, it can be concluded that the lithium complexes in the PMMA
block enhanced the orientation of the microdomains by the applied field, whereas
the uncomplexed lithium ions do not.
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The dependence of the microdoniain ahgnment on the molar ratio of
added LiCl to carbonyl groups is described in Figure 4, which shows the IR
spectra of PS-/)-PMMA copolymer thin films as a function of the molar ratio of
added LiCl to carbonyl groups along with the corresponding cross-sectional
TEM images. Comparing the four IR spectra, the absorption of Li <—0=C at
-1702 cm relative to that of the carbonyl groups at -1730 cm"' increases with
the addition of lithium chloride, indicating a gradual increase in the number of
lithium-PMMA complexes. Cross-sectional TEM images of neat PS-Z)-PMMA
thin films without lithium-PMMA complexes under an applied electric field
(Figure 4a) show only a mixed orientation of the microdomains, in agreement
with previous studies.'^ In the films with lithium-PMMA complexes, fluctuations
in the lamellar microdomains (Figure 4b) originally parallel to the surface
(Figure 4a) are seen near the interfaces, indicafing the increased ability of the
applied field to compete with the surface interactions. Further increasing the
molar ratio of added LiCl to carbonyl groups (Figure 4c and 4d) markedly
enhances the orientation of the microdomains in the direction of the applied field
and the ability for the microdomains immediately adjacent to the interfaces to
orient, i.e. overcoming interfacial interactions.
The effect of BCP film thickness on the enhanced microdomains
alignment was further studied. Previous results'" showed that when the thickness
of neat PS-Zj-PMMA thin films was less than 300 nm, the BCP microdomains
could not be reoriented under an applied field. In agreement with these findings.
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Figure 4. Left: IR spectra of PS-/>-PMMA films with different molar ratio of
added LiCl to the carbonyl group m PMMA: (a) 0, (b) 1:10, (c) 1:6, and (d) 1:1.
Right: Corresponding cross-sectional TEM images of PS-/7-PMMA thin films
after applying a -40 V/\xm DC electric field at 175±5 °C under N: for 20 hrs.
Scale bar: 200 nm.
our results show that the lamellar microdomains of neat PS-^-PMMA thin films
with a thickness of~ 260 nm (Figure 5A), under a ~ 40 V/)am DC electric field,
were oriented parallel to the interfaces, indicating that Ei increased above the
applied field strength. However, for PS-/)-PMMA thin films of similar thickness
containing lithium-PMMA complexes, the lamellar microdomains were aligned
16
normal to the surface under the same applied field (Figure 5B). The alignment of
the lamellar microdomains in such thin film indicates that the formation of
lithium-PMMA complexes significantly decreases E2 below the applied field
strength.
A
Figure 5. Cross-sectional TEM images of (A) pure PS-/)-PMMA thin film and
(B) PS-^-PMMA copolymer thin film containing lithium complexes with a
thickness of -260 nm after applying a ~40 V/^m DC electric field at 175±5 °C
under N: for 20hr. Scale bar: 200 nm.
2.4 Conclusions
We have demonstrated that salt of LiCl can be introduced into PS-Z)-
PMMA copolymers to either form lithium-PMMA complexes or to exist as
uncomplexed impurities. The formation of lithium-PMMA complexes reduces
the critical electric field strength required to overcome the interactions of the
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blocks with the interfaces. As a resuU, the complete alignment of the lamellar
microdomains in thin films is achieved. If lithium ions exist in the copolymer as
uncomplexed impurities, this enhancement is not observed. Studies are underway
to understand the origin of the enhancement and the kinetics of the reorientation.
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CHAPTERS
ORIGINS OF THE ENHANCED ALIGNMENT OF lON-
COMPLEXED PS-A-PMMA COPOLYMERS UNDER AN ELECTRIC
FIELD
3.1 Introduction
The ability of self-assembly into ordered arrays of nanoscopic elements
makes block copolymers (BCPs) ideal templates and scaffolds for the fabrication
of nanostructured materials.'" Key to the realization of these applications is to
control the orientation and lateral ordering of the BCP microdomains. In BCP
films, the orientation of the microdomains can be strongly affected by the
presence of a surface or interface.^'^^ In general, for lamellar microdomains, a
strong preferential interaction of one block with the substrate or a lower surface
energy of one component causes the segregation of one block to either the
surface or the substrate. Due to the connectivity of the blocks the microdomains
orient parallel to the substrate." The influence of the surface or interface on the
orientation of BCP microdomains rapidly decays with the distance, so that a
random orientation of the microdomains is observed at a distance corresponding
to several repeated periods of the BCP in thick films or in the bulk.'" When the
surface is neutral, i.e., the interactions of both blocks with the substrate are
balanced, there is no preferential wetting and the microdomains orient normal to
the substrate.'"^" A number of strategies have been developed to control the
orientafion of BCP microdomains. In general, they include either manipulating
20
interfacial interactions by surface modification"^" "^'or overcoming the interfacial
interactions by applying external fields, such as mechanical field" , solvent
field^^'"'', electric field""^ and confinement effect^'.
Although it is evident that the application of external fields is effective, it
still remains a challenge in terms of the complete aligrmient of BCP
microdomains normal to the surface. If there is a strong preferential interaction of
one block with the substrate, a wetting layer of this block adjacent to the
substrate exists." " " Overcoming strong preferential interactions with an
external field is most difficult, if not impossible, to achieve. Considering the
effect of interfacial energy on the reorientation of lamellar microdomains in the
BCP films under an electric field, Xu et al.''*^ found that complete alignment of
microdomains could be achieved only when the interfacial interactions were
balanced. Otherwise, a mixed orientation was observed where the microdomains
adjacent to the substrate oriented parallel, while the microdomains in the interior
of the film oriented in the direction of the applied field. In chapter 2, we reported
that the ability of an applied electric field to overcome the interfacial interaction
could be markedly enhanced by the formation of ion-complexes. Consequently,
complete alignment of lamellar microdomains could be achieved even on a
substrate where the interfacial interactions were not balanced.^^
While the ramifications of the lithium-PMMA complexes on the
orientation of the microdomains are evident, the origin of the enhanced
alignment is not immediately apparent. The critical electric field required to
orient the BCP microdomains is given by
21
7/2 2(eA + ^B)
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Ec Ay t -1/2 0)
where Ay is the difference between the interfacial energies of each block with the
substrate, ca and cb are the static dielectric constants of block A and B,
respectively, and / is the film thickness. Thus, from eq 1, it is seen that either the
reduction of Ay or increase of dielectric contrast can improve the orientation of
the copolymer microdomains. Here, the influence of ion-complexes on the
interfacial interactions is examined by studying lamellar orientation in thin films
of lithium-complexed PS-Zj-PMMA block copolymers on native silicon wafers as
a fiinction of film thickness and percentage of carbonyl groups coordinated with
lithium ions. Since the strong interfacial interaction exists for the films of neat
copolymer and the copolymer with a low concentration of lithium-PMMA
complexes, the orientation of lamellar microdomains strongly depends on film
thickness. For thin films, a parallel orientation of lamellar microdomains is
observed, while in thick films, a mixed orientation of lamellar microdomains is
found. In the films with a high concentration of lithium-PMMA complexes, the
orientation of the lamellar microdomains is independent of film thickness with a
preponderance of the microdomains oriented normal to the substrate interface.
This results from an enhancement in the immiscibility due to the complexation,
which facilitates the formation of large grains^" and a segregation of
uncomplexed salts that locate at the substrate, serving to mediate interfacial
interactions. Furthermore, a significant increase of dielectric contrast resulting
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from the formation of lithium-PMMA complexes is also observed. As a result,
the increased dielectric contrast between PS and complexed PMMA blocks and
weakened the surface interactions significantly reduce the critical field strength
required to overcome the surface interactions, leading to an enhanced alignment
of lamellar microdomains in thin films.
3.2 Experimental
The PS-/)-PMMA diblock copolymers used in this study were prepared
by conventional anionic polymerization. The number-average molecular weight
{M„) are 57 kg/mol and 62 kg/mol, the polydispersity (PDl) is 1.09 and 1.06, and
the volume fraction of PS (/ps) is 0.58 and 0.53, respectively. To produce ion-
complexes in the PS-/j-PMMA copolymer, two solutions of lithium chloride
(LiCl) in tetrahydrofuran (THF) and the PS-/)-PMMA copolymer in toluene were
mixed together at a given ratio and continuous stirred with moderate heating until
most ofTHF was evaporated and the solutions became clear. We chose LiCl here
because it is usually used to control the molecular weight and polydispersity of
PMMA during anionic polymerization and might remain as ionic impurities in
the copolymer if the post-processing is not thorough. For samples with -13% and
-21% of lithium-PMMA complexes, molar ratios of lithium to carbonyl group in
PMMA of 1 :4 and 1 :2 were used, respectively. It should be noted that due to the
weak coordination interaction between lithium ions and carbonyl groups, not all
of the doped ions formed ion-complexes with PMMA blocks and a few of them
precipitated and were filtered out. The complexed lithium ions were the main
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population of ions within the copolymer and were calculated. To physically mix
lithium ions with the copolymer, i.e. non-complexed lithium ions, a measured
amount of LiCl at a ratio of 1 ;2 of lithium to carbonyl group was doped into the
copolymer by a similar process as making ion-complexes except that THF was
kept in the solution, which coordinates with lithium ions more readily than
PMMA and precludes the formation of lithium-PMMA complexes in PS-b-
PMMA copolymers. Before the preparation of thin films, the copolymer was
measured by Fourier Transform Infrared (FT-IR) spectrometer to ensure the
formation of copolymer complexes and the percentage of carbonyl groups
complexed with ions was calculated (see results in Figure 6 and Table 1). Thin
films of PS-/?-PMMA were prepared by spin-coating the copolymer solutions
onto natively oxidized silicon wafers and then annealed at 1 70 °C under vacuum
for 2 days. The film thickness was measured by filmetrics optical profilometer.
The equilibrium period, Lo, of the copolymers in the bulk is
1770 1740 1710 1680 1770 1740 1710 1680 1770 1740 1710 1680 1650
Wavenumber (cm"') Wavenumber (cm ') Wavenumber (cm ')
Figure 6. FT-IR spectra of PS-/)-PMMA copolymers with different percentages
of carbonyl groups in PMMA coordinating with lithium ions: (A) 0, (B) ~ 13 %
and (C) 21 % (•••) Experimental data. (
—) Fitting data by using multipeak
fitting model.
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Table 1. Fitting results based on multipeak fitting model.
Peak 1 Area 1 Peak 2 Area 2 Ratio
(A) 1734.6 cm"' 34.1 0
(B) 1730.0 cm ' 8.3 1705.4 cm ' 1.2 13%
(C) 1727.5 cm ' 16.6 1702.5 cm"' 4.4 21%
characterized by small angle X-ray scattering and Lo of the neat copolymer, 13%
and 21% complexed copolymers is 33.7, 35.1 and 35.7 nm, respectively. The
increased microdomain spacing by the formation of ion-complexes has been
reported and readers who are interested can find the detailed information in the
reference 32.
FT-IR absorption spectra of the copolymer films were collected on a BioRad
ExCalibur spectrometer with a resolution of 1 cm"' over a wave number range
from 4000 to 400 cm"'. Spectra were obtained by using copolymer films cast on
high resistive silicon wafers with a bare wafer providing the background spectra.
Dynamic SIMS measurements were taken with a Physical Electronics 6650
dynamic SIMS using a 3 kV, 60 nA beam of ions at 60° off normal
incidence, which was rastered over a 0.04-0.09 mm" region. A static, defocused,
350-500 V electron beam was used for charge neutralization. Negative ions of H,
D, Li, F and Si were monitored as a function of time from an electronically gated
area that was 15% of the rastered area. All the measurements were performed at
room temperature, where the two blocks of the copolymer under investigation
were well below their glass transition temperatures. The dielectric constants of
PMMA and the lithium-PMMA complexes were measured on melt-pressed, 2.0
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cm diameter, 300 |im thick disks, with the silver painted on both sides as
conductive layers, using a Novocontro dielectric spectrometer over a frequency
range from 1 MHz to 0.1 Hz at 170 °C. The polymer disks were confined
between two electrodes in a closed chamber under N: TEM experiments were
performed on a JEOL TEM200CX at an accelerating voltage of 200 kV. To
prepare TEM samples, the copolymer films with a thin layer of carbon (~ 20 nm),
which was evaporated onto the surface of the samples were embedded into epoxy
and then cured at 60 °C overnight. After dipping the samples into liquid nitrogen,
the films were transferred from the substrate to the surface of epoxy. All samples
were microtomed at room temperature with a diamond knife, and then collected
onto copper grids. Before TEM observations, the thin sections were exposed to
ruthenium tetraoxide vapor for -25 mins to enhance the contrast. GISAXS
measurements were performed at beamline X22B at National Synchrotron Light
Source at Brookhaven National Laboratory using x-rays with a wavelength of >c =
1.523 A with an exposure time of 60 s per frame. Typical GISAXS patterns were
taken at an incidence angle of 0.2", above the critical angles of the copolymer and
below the critical angle of the silicon substrate. Consequently, the entire structure
of copolymer thin films could be detected. For dynamic SIMS experiments, a ~
300 nm thick fluorinated polyimide film was spin coated onto a glass substrate
then removed from the substrate by floating onto water and picked up on top of
the annealed samples to serve both as a marker for the air/copolymer interface
and a buffer layer to stabilize the ion beam. The samples were dried at room
temperature under vacuum to remove residual water.
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3.3 Results and Discussion
PMMA blocks wet the substrate interface since they have the strong
preferential interfacial interactions with the native oxide layer on silicon wafers,
while PS, with a lower surface energy than PMMA, segregates to the air
interface. Figure 7 shows the neat PS-/?-PMMA copolymer films as a function of
copolymer/substrate interface
copolymer/substrate interface
Figure 7. Cross-sectional TEM images of neat PS-/>-PMMA films as a function
of film thickness after thermal annealed at 1 70°C under vacuum for 2 days. (A) ~
250 nm; (B) ~ 480 nm; (C) ~ 770 nm. Scale bar: 200 nm.
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film thickness after thennal annealed at 170 °C under vacuum for 2 days. In the ~
250 nm thick film (Figure 7A), lamellar microdomains orient parallel to the
substrate and this orientation propagates through the entire film. When the film
became thicker, e.g. the ~ 480 nm thick film in Figure 7B, the persistence in the
completely parallel orientation of the microdomains is lost and the lamellae in
the middle of the film are randomly oriented. The thicker the film, the more
distinct is the mixed orientation of the microdomains (Figure 7C shows the case
for a film with a thickness of -770 nm). The loss of parallel lamellae after a
distance of 3 Lo from the substrate interface is in a good agreement with the
theoretical arguments that the influence of the interface on the orientation of the
microdomains decays rather rapidly with the distance from the interface. These
results agree with the previous studies which showed that the lamellar
microdomains oriented parallel to the substrate throughout the film thickness less
than 10 Lo. Beyond that, the surface field had little effect and only the random
distribution of lamellae in the interior of the film was observed."'*'
With the formation of lithium-PMMA complexes in the copolymer, a
totally different behavior is found. Figure 8 shows the cross-sectional TEM
images of the copolymer films with ~ 13% of carbonyl groups coordinated with
lithium ions after thermal annealed at 170 °C under vacuum for 2 days. For the ~
540 nm thick film (Figure 8A), a parallel orientation of- 16 lamellar
microdomains is observed throughout the entire film. Without the ion complexes,
the lamellae would be oriented in a random manner in the interior of the film like
the case shown in Figure 73. The experimental results have proved that there
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was a film thickness limit beyond which the orientation of the microdomains
parallel to the surface was throughout the film and above which the completely
parallel orientation was lost. This thickness limit is dependent on both the
surface field strength and the degree of microphase separation. It is known that
the formation of lithium-PMMA complexes significantly increases the
immiscibility between the two blocks, so that larger grains can develop in the
copolymer films. In contrast to the neat copolymer films, the formation of these
large grains complements the influence of interfacial interactions in the
films. This results in the persistence of the orientation of the lamellae
copolymer/substrate interface
air/copolMiicr interface
Figure 8. Cross-sectional TEM images of the copolymer films with ~ 13 % of
carbonyl groups coordinated with lithium ions after thermal annealed at 170°C
under vacuum for 2 days. (A) ~ 540 nm; (B) -810 nm. Scale bar: 200 nm.
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microdomains parallel to the surface over distances greater than 10 Lq. Further
increase in the film thickness to ~ 810 nm which is well above the film thickness
limit ( Figure 8B), completely parallel orientation can not be persisted and a
mixed orientation where lamellae with ~ 3 adjacent to the interfaces oriented
parallel to the surface but lamellae in the interior of the film oriented normal to
the surface is found. This orientation has both similar and different aspects with
the case in the neat copolymer film. The similarity is that both of the films have ~
3 I« parallel lamellae adjacent to the interfaces, indicate that the surface field is
not significantly changed when - 13% of carbonyl groups are complexed with
lithium ions. However, in the center of the films, where surface field effects can
be neglected, the lamellar microdomains in the neat copolymer thin film are
ordered into very small grains that are randomly arranged in the film, while those
with ion-complexes remain as a whole and mainly orient normal to the surface.
Busch et al. studied the effect of the degree of phase separation on lamellae
orientation in films by varying the copolymer molecular weights and showed that
the orientation of lamellar microdomains normal to the film interface is preferred
for copolymers with a higher molecular weight due to their stronger microphase-
separation." It has been shown that the increase in immiscibility by lithium-
PMMA complexes in the copolymer drives the system into a stronger microphase
segregation " This explains the perpendicular orientation of lamellar
microdomains in the middle of the copolymer thin films.
By increasing the percentage of carbonyl groups complexed with
lithium ions to ~ 21%, the lamellar orientation transforms into being normal to
30
the substrate, not only in the interior fihn, but also near the interfaces. Figure 9
shows the cross-sectional TEM images of lithium-complexed copolymer films
with thickness of- 230 nm (A), 630 nm (B) and 1 |am (C). It is clear that,
independent of the film thickness, the distance over which the orientation of the
lamellar microdomains parallel to the substrate surface is reduced to ~ 1 Lo and
some local areas even have both blocks at the substrate interface. All these
copolvmer/substrate interface
(B)
air/copol) mci interlace
copolvmer/substrate interface
air/copolymer interface
copolymer/substrate interface
air/copolymer interface
Figure 9. Cross-sectional TEM images of the copolymer films with ~ 21% of
carbonyl groups coordinated to lithium ions after thermal annealed at 170°C
under vacuum for 2 days. (A) ~ 230 nm; (B) ~ 630 nm; (C) ~ 1 |im. Scale bar:
200 nm.
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phenomena suggest that the surface interaction between PMMA blocks and the
substrate is mediated by the formation of a high concentration of ion-complexes.
As is known, the orientation of lamellar microdomains is dictated by the free
energy of the film, that is, a sum of the elastic energy of the stretched blocks and
the interfacial energy of various interfaces.^ In addition to the weakened surface
energy in the film where -21% of carbonyl groups complexed with lithium ions,
the elastic free energy of the stretched blocks decreases as the immiscibility
between two blocks increases, resulting in the microdomains orienting normal to
the surface. Furthermore, the entropic penalty due to the stretching of the
polymer chains was compensated by the reduction in the internal energy.
Consequently, the decrease of free energy leads to a propagation of the
perpendicular orientation through most of the film and a reduction of the parallel
period to ~1 Lq. However, defects still exist and, therefore, an electric field is
necessary to achieve a complete alignment of lamellar microdomains normal to
the film surface.
The change in the lamellar orientation induced by the added salts has
been shown on a local level by the cross-sectional TEM images. GISAXS was
used to probe the behavior over a much larger size scale. Shown in Figure 10 are
typical GISAXS patterns for ~ 500 nm thick films with different percentages of
carbonyl groups complexed with lithium ions after thermal annealed at 1 70 °C
under vacuum for 2 days. For the neat copolymer film (Figure lOA), a ring of
scattering is seen, suggesting a random orientation of the microdomains. For the
film with ~ 13 % of carbonyl groups coordinated to lithium ions (Figure lOB),
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Qyinm )
Figure 10. GISAXS patterns of - 500 nm thick films of PS-/)-PMMA copolymer
with (A) 0 %; (B) ~ 13 % and (C) -21 % of carbonyl groups coordinated to
lithium ions after thermal annealed at 170 °C under vacuum for 2 days.
the scattering rods in the direction appear, indicating a parallel lamellar
orientation. Further increasing the percentage of the carbonyl groups that are
complexed with lithium ions to -21% (Figure IOC) results in lamellae oriented
normal to the film surface which is confirmed in the GISAXS pattern with the
Bragg rods scattering streaks in the scattering oriented normal to the film surface
which are characteristic of lamellae truncated at the surface. These GISAXS
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patterns clearly show the change in the orientation of the lamellar microdomains
with the formation of ion-complexes.
It is evident that the introduction of a relatively large amount of salts
mediates the interfacial interaction. Dynamic secondary ion mass spectrometry
(DSIMS) was used to probe the distribution of added salt in the thin film.^*^"^°
Since the lamellae are oriented parallel to the surface with ~13 % of carbonyl
groups complexed with lithium ions, this affords an ideal sample to examine the
distribution of lithium ions along the depth of the copolymer film. Shown in
Figure 1 1 are the cross-sectional TEM image and the corresponding dynamic
SIMS profiles of dPS-/?-PMMA copolymer (Mn = 56 kg/mol) film with a
thickness of - 190 nm, where ~ 13 % of carbonyl groups are complexed to
lithium ions, after thermal annealing at 1 70 °C under vacuum for 2 days. The
cross-sectional TEM image showed that ~ 5 lamellae are oriented parallel to the
surface. In dynamic SIMS profiles, "H" denotes hydrogen and characterizes the
location of the PMMA, "D" denotes deuterium and characterizes the PS, "Li" is
lithium and "CI" is chlorine. For clarity, vertical solid lines are used to indicate
the location of the interfaces of the film and vertical dashed lines are used to
indicate the center of the PMMA microdomains. A near-sinusoidal profile of H
and D are seen, indicative of the orientation of the lamellar microdomains
parallel to the substrate. The locations of the layers with lithium and chlorine
ions correlate well with the locations of the PMMA microdomains, indicating a
preferential location of the lithium ions and chlorine ions in the PMMA domains,
which is in keeping with complexation of the lithium ions with the carbonyl
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Figure 1 1. (a) Cross-sectional TEM image of a d-PS-/7-PMMA (Mn = 56kg/mol)
copolymer film with a thickness of - 190 nm, where ~ 13 % of carbonyl groups
complexed to lithium ions after thermal annealed at 170 °C under vacuum for 2
days, (b) The corresponding dynamic SIMS profiles. H - Hydrogen ion,
charactering PMMA microdomains; D - Deuteron ion, charactering dPS
microdomains; Li -Lithium ion; CI - Chlorin ions. For clarity, vertical solid lines
are used to demark the copolymer/air interface (left) and copolymer/substrate
interface (right) of the film and vertical dashed lines are used to demark the
center ofPMMA microdomains.
groups in the PMMA blocks. However, there is an elevated concentration of
lithium and chloride ions near the copolymer/substrate interface. It is most
possible that non-complexed salt, i.e. physically mixed salts, preferentially locate
at the copolymer/substrate interface and act to mediate interfacial interactions.
To further understand the influence of LiCl on the orientation of lamellar
microdomains, a control experiment was performed where LiCl was doped into
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PS-/J-PMMA copolymer producing only salt that is physically mixed with the
copolymer (see experimental details in reference 33). Figure 12 is the cross-
sectional TEM image of the control copolymer film with a thickness of ~ 750 nm
after thermal annealing at 170°C under vacuum for 2 days. A typical mixed
orientation is observed where ~ 3 Lo of lamellar microdomains are oriented
parallel to both the substrate and air interface, while in the center of the film, the
lamellar microdomains assume a random distribution, similar to the case in a
thicker neat copolymer film (Figure 7B, C). This indicates that only physically
mixing the salt into the copolymer is not sufficient to alter the orientation of the
microdomains. However, the segregation of the salt to the substrate/copolymer
interface, coupled with the enhanced immiscibility of the blocks by the formation
of lithium complexes, mediates the interfacial interactions so that the lamellar
microdomains are reoriented predominantly normal to the interface. This is in a
good agreement with the results by Lin et al. where nanoparticles added to a
block copolymer in the strong microphase segregation regime could segregate to
copolymer/substrate interface
air/copolymer interface
Figure 12. Cross-sectional TEM image of the control copolymer film with a
thickness of - 750 nm after thermal annealed at 170°C under vacuum for 2 days.
Scale bar: 200 nm.
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the air/copolymer and polymer/substrate interfaces, mediate interfacial
interactions, and produce an orientation of the microdomains normal to the
interface/' This weakened interfacial interactions lead to a decreased critical
electric field strength.
The critical electric field required to orient the BCP microdomains also
depends upon the dielectric difference between two blocks. Since the dynamic
SIMS profiles indicate that complexed lithium ions mainly locate within PMMA
microdomains, the dielectric constants of PMMA with different concentrations of
lithium-PMMA complexes (Figure 13) were further examined over a frequency
range from 1 MHz to 0. 1 Hz at 1 70 and 1 80 °C (the temperature range used in
the alignment studies). As the frequency decreased from 1 MHz to 0.1 Hz at 170
°C, the dielectric constant of pure PMMA increased from 4.9 to 6.3, in agreement
30
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Frequency (Hz)
Figure 13. Dielectric constants of PMMA with different molar ratios of added
LiCl to the carbonyl group (a) 0, (b) 1 : 1 0, and (c) 1 :6 at 1 70°C.
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with published values."*" While with the formation of lithium-PMMA complexes,
the dielectric constant at a frequency of 0.1 Hz markedly increased from 6.3 to
1 1 to 29 at 170 °C and up to 50 at 180 °C. The dielectric constant increased even
more rapidly as the frequency decreased toward 0 Hz, corresponding to a DC
field. The increased dielectric constant ofPMMA blocks leads to an increase in
the dielectric contrast between PMMA and PS microdomains, which further
decreases the critical electric field strength. Thus, the alignment of the
microdomains even near the surface can be achieved.
3.4 Conclusions
The origin of the enhanced alignment of symmetric BCP microdomains
in thin films induced by lithium-PMMA complexation under an electric field is
studied. The increased dielectric contrast and the mediated interfacial interactions
due to the formation of lithium-PMMA complexes were observed which
significantly reduced the critical electric field strength. Consequently, the
enhanced alignment of the lamellar microdomains even near the surface can be
achieved. Furthermore, the study on lamellar orientation in thin films of lithium-
complexed PS-/)-PMMA block copolymers suggests that adding LiCl salts into
PS-/?-PMMA copolymer films can direct the orientation of lamellar
microdomains by enhancing the immiscibility of the blocks and mediating the
interfacial interaction. Thus, by tuning the amount of ion-complexes, the lamellar
microdomain orientations can be controlled from random to parallel or
perpendicular in the copolymer thin films with a similar film thickness without
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any surface modification and applied external fields, opening a simple and
general route for the fabrication of nanostructured materials.
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CHAPTER 4
KINETIC PATHWAY OF THE ALIGNMENT OF lON-COMPLEXED
PS-A-PMMA COPOLYMERS UNDER AN ELECTRIC FIELD
4.1 Introduction
Diblock copolymers (BCPs) can self-assemble into periodic arrays of
nanoscopic domains that have potential use in applications ranging from optics to
microelectronics.' "^ The microphase separation is driven by the non-favorable
interactions between the blocks. The degree of microphase separation is
determined by /A', where x is the Flory-Huggins segmental interaction parameter
and /V^is the degree of polymerization. As shown experimentally^' " and
theoretically''^"''^, an electric field can be effective means of aligning the
microdomains in a desired direction. In this case, the applied field acts on the
dielectric constant difference between the domains and the matrix. However
complete alignment of the microdomains in films is not always achieved due to
the preferential interactions of one of the blocks with the electrodes confining the
film." Although Tsori and coworkers recently initiated an argument of "free-ion
mechanism" which enhanced the ability of electric field to align diblock
copolymer microdomains," " our experimental results have demonstrated that
the formation of ion complexes in a symmetric polystyrene-/>/oc^-poly(methyl
methacrylate) (PS-^)-PMMA) diblock copolymer played a significant role in the
process of microdomain reorientation, even leading to a complete alignment of
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lamellar microdomains, as a consequence of an increased difference in the
dielectric constants of the PS and PMMA microdomains.
While the end result of the complexation is evident, the underlying
mechanism of the rearrangement of the domains with the lithium-PMMA
complexes is still unclear. For symmetric BCPs, several kinetic pathways of
aligning lamellar microdomains have been proposed based on computational
simulations and experiments. Amundsen et al.^" proposed two mechanisms: a
selective electric-field induced disordering and alignment through movements of
defects. Only the latter mechanism was supported by the experimental results
where the movement of edge dislocations was observed. De Rouchey et al."^ ' and
Xu et al.'°, on the other hand, found that the reorientation of lamellar
microdomains proceeded by a disruption or disordering of the original lamellar
morphology, followed by a rotation of smaller grains in the direction of the
applied field using in-situ small angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM). Recently, Boker et al. suggested that both defect
translation and grain rotation occurred in studies of BCP solutions. In addition,
simulations by Tsori et al. and Zvelindovsky et al. supported both mechanisms.'^'
25
" Nucleation and growth of microdomains by small scale undulations
typically occurred close to the order-disorder transition (ODT), while grain
''A '*)'7
rotation happens in the more strongly phase-separated systems." ' " Here, we
show that the formation of lithium-PMMA complexes in symmetric PS-b-
PMMA diblock copolymer thin films induces a transition in the mechanism of
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the orientation of lamellar microdomains from a disruption and reformation of
the microdomains to a grain rotation mediated by movement of defects.
4.2 Experimental
A PS-/7-PMMA diblock copolymer with a number-average molecular
weight (M„) of 57 kg/mol, a polydispersity (PDI) of 1 .09, and a PS volume
fraction (/ps) of 0.60 was used to study the mechanism of reorientating the BCP
microdomains in a DC electric field of ~ 40 V/)Lim. The preparation of the BCP
thin films, addition of lithium chloride (LiCl) into PS-/j-PMMA and the
22
alignment experiment have been discussed previously. The change in the
morphology during alignment was measured by TEM and grazing incidence
small angle X-ray scattering (GISAXS). TEM experiments were performed on a
JEOL TEM200CX at an accelerating voltage of 200 kV. GISAXS measurements
were performed on the X22B beamline (National Synchrotron Light Source,
Brookhaven National Laboratory) using X-ray having a wavelength of a = 1.517
A with an exposure time of 30 s per frame. Measurements were also performed
on the 8-ID beamline (Advanced Photon Source, Argonne National Laboratory)
using X-ray having a wavelength of /I = 1 .675 A with the exposure time of 10 s
per frame. Typical GISAXS patterns are taken at an incidence angle of 0.2°
which is higher than the critical angle of the copolymer but lower than the critical
angle of silicon substrate. Consequently, the beam penetrated through the entire
BCP thin film.
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PS-Z)-PMMA with a number-average molecular weight of 62 kg/mol
and dPS-/>-PMMA (where d indicates perdeuteration of the PS block) with
number-average molecular weight of 56 kg/mol and 1 15 kg/mol, a
polydispersity (PDI) of 1 .06, and a PS volume fraction (/ps) of 0.53 were used to
study the domain spacing D using small angle X-ray scattering. d-PS-/)-PMMA
with a number-average molecular weight (M„) of 28 kg/mol, a polydispersity
(PDI) of 1 .06, and a PS volume fraction (/ps) of 0.53 was used to study the
characteristic segmental length by SAXS. The measurements are employed at
room temperature under vacuum with the exposure time of 30 min, using an
Osmic MaxFlux X-ray source with a wavelength A of 1.54 A. All SAXS samples
with a thickness about -0.5 mm are drop-cast on Kapton films, annealed at 1 70
°C under vacuum for two days and then quenched to room temperature.
4.3 Results and Discussion
Figure 14 shows the alignment of lamellar microdomains in pure ?S-b-
PMMA thin films annealed at 175±5 °C under a DC electric field of - 40 V/^m.
The cross-sectional TEM images show that most lamellae are broken up into
small pieces that are randomly oriented in the center ofBCP films. However,
several lamellar layers adjacent to the interfaces remain orientated parallel to the
interface due to the preferential interactions ofPMMA with the electrode
interfaces (Figure 14 (A)). The corresponding GISAXS patterns (Figure 14 (a))
comprised of a ring of scattering, suggesting that there is a random orientation of
the microdomains in the center of the film. By increasing the annealing time
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\Figure 14. Left: Cross-sectional TEM images of PS-/j-PMMA thin films after
applying a ~ 40 V/|im DC electric field at 175±5 °C under N2 for (A) 4 hrs (B)
lOhrs (C) 14 hrs (D) 20 hrs. Scale bar: 200 nm. Right: Corresponding GISAXS
pattern measured at a=0.20°.
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under the applied field (Figure 14 (B)), some of these small sections of the
microdomains tend to align locally and recombine to form lamellae oriented
parallel to the applied electric field direction. However on average they are still
randomly oriented in the film. The TEM results are mirrored by the GISAXS
patterns where a diffuse ring is observed with some intensification along qy
direction (Figure 14 (b)). In a later intermediate stage, more recombination of the
lamellae occur to form lamellae oriented in the applied field direction (Figure 14
(C)) and a further intensification of the scattering along qy direction (Figure 14
(c)). This process continues with longer times as evidenced by the results in
Figure 14 (d) and 14 (D). Throughout the alignment the lamellar adjacent to the
substrate remain oriented parallel to the interface, unaffected by the applied field.
These are consistent with previous observations'^ and simulations"^, where the
dominant kinetic pathway of reorientating the lamellar microdomains in the pure
BCP thin films is by a local disruption and reformation of lamellae.
In contrast to the pure PS-/)-PMMA, Figure 1 5 shows results for a thin
film of PS-Zj-PMMA complexed with LiCl under the same experimental
conditions. Despite the defects, the lamellar microdomains remain intact,
forming randomly oriented grains initially (Figure 15 (A)). Although there are
lamellar microdomains adjacent to the interfaces, they do not completely cover
the interfaces. With increasing the annealing fimes (Figure 15 (B)), the defects
propagate and annihilate when two of them meet, resulting in grains that increase
in size with grain boundaries bent (indicated in arrows) in the direction of electric
field. As the process continues (Figure 1 5 (C)), the grains continue to grow until
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-0.6 -0.3
Figure 15. Left: Cross-sectional TEM images of PS-/j-PMMA thin films with
lithium complexes after applying a ~ 40 V/|im DC electric field at 175±5 °C
under N: for (A) 4 hrs (B) lOhrs (C) 14 hrs (D) 20 hrs. Scale bar: 200 nm. Right:
Corresponding GISAXS pattern measured at a=0.20°.
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a critical size is reached, where upon they rotate into the direction of the apphed
electric field. Amundson et al. predicted the whole grains, whose sizes exceed a
certain critical size of 150 nm, could be effectively rotated by an electric field" .
This early prediction is in keep one with the results in Figure 1 5 (D) where larger
grains are rotated into the field direction and extends from one surface of the film
to the other. Large grains not only do the rotate by themselves but they cause the
orientation of adjacent smaller grains. This enhances the ability of the applied
field to overcome preferential interfacial interactions and to eliminate defects, so
that complete alignment of lamellar microdomains can be achieved. GISAXS
results also provide evidence of a grain rotation mechanism. In the early and
intermediate stages (Figure 1 5 (a) and (b)), the GISAXS patterns exhibit an
isotropic scattering ring due to the random orientation of the grains. The relative
scattering intensifies increase as the annealing time increases, since the growth of
grains promotes further microphase separation. After annealing 14 hr (Figure 15
(c)), the isotropic scattering ring changes into arcs, indicating that grains are
effecfively rotated by the electric field. In the direction, the scattering remains
very strong, arising from grains oriented parallel to the interfaces, whereas the
scattering of neat PS-/)-PMMA copolymers (Figure 14 (c)) is relatively weak
since only several parallel lamellae exist near the interfaces. Near the final stages
of orientation (Figure 15 (d)), the scattering rods are seen along the qy direction
and the scattering in the q^ direction significantly decreases, suggesting that most
of BCP grains are rotated normal to the surface. Furthermore, such a mechanism
transition can also be observed from the cross-secdonal TEM images of VS-b-
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PMMA thin films with an increasing molar ratio of added LiCl to the carbonyl
group in PMMA (Figure 16). In the diblock copolymer thin films with a molar
ratio of added LiCl to the carbonyl group in PMMA of 1 : 10 (Figure 16a), there
still exist some small pieces of broken lamellar microdomains even after
applying the electric field for 20 hrs, similar to the situation in the pure diblock
copolymer thin films, indicating that fluctuations are still predominant and do not
allow gains grow large enough to rotate due to an insufficient concentration of
lithium-PMMA complexes. As the molar ratio of
(A)
Figure 16. Cross-sectional TEM images of PS-/>-PMMA thin films with molar
ratios of added LiCl to the carbonyl group in PMMA: (A) 1:10, (B) 1:6 after
applying a ~ 40 V/|im DC electric field at 175±5 °C under Ni for 20 hrs. Scale
bar: 200 nm.
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added LiCl to die carbonyl group in PMMA is increased to 1:6, a similar kinetic
pathway to reorient the lamellar microdomains was observed (images were not
shown) as the sample with the molar ratio of added LiCl to the carbonyl group in
PMMA of 1 : 1 (Figure 1 5), i.e. the grains become larger and larger and eventually
rotate to the direction of electric field (Figure 16b). Thus, both TEM and
GISAXS results indicate that in the presence of sufficient lithium-PMMA
complexes, grain rotation mediated by defect movement is the dominant
mechanism of reorientating the microdomains in thin films of PS-/>-PMMA
under a dc electric field.
Usually, grain rotation is not possible in the BCP thin films due to the
geometric constraint of the film thicioiess"^ and occurs in strong segregation
regime. " ' " For pure PS-Zj-PMMA copolymer used in our studies, /jV is
about 22.^' Consequently, the copolymer is in the intermediate separation, that is,
neither the strong or weak segregation regime. Yet, with the lithium-PMMA
complexes, a transition in the orientation mechanism to grain rotation is evident.
Furthermore, the ^y-scan of GISAXS pattern at = 0 nm"' (not shown here)
shows that, in thin films, the equilibrium domain spacing D ( D = 2/: / q*) for PS-
/)-PMMA complexed with lithium is 38.5 nm, more than 2 nm greater than the
period of the pure PS-/?-PMMA. SAXS results of bulk copolymers show a
similar increase of the equilibrium domain spacing D for PS-/)-PMMA
complexed with lithium from 35.5 for pure PS-Z)-PMMA to 37.7 nm for the
complexed PS-/>-PMMA (Figure 17). This increasing D after the formation of
complexes in copolymers is consistent with recently published results.^^'^"^ The
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corresponding TEM images show that there are numerous defects exist in a ~2 x
2 jLim^ area of for pure PS-Z?-PMMA, whereas the grain sizes of PS-^-PMMA
copolymers with the Hthium complexes are so much large that grain boundaries
can not be seen over similar areas (Figure 1 7). These results suggest that / must
be significantly increased with the formation of lithium-PMMA complexes. ^"'^'^
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Figure 17. Left: SAXS profiles of (A) PS-/)-PMMA (B) PS-/)-PMMA with
lithium complexes after annealing at 170 °C for 2 days (no electric field was
applied) followed by quenching to room temperature; inset: corresponding 2-D
SAXS images. Right: Corresponding TEM images. Scale bar: 200 nm.
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As is well known, the equilibrium domain spacing D satisfies the
relationship D ~ aN'''\"^ in the strong segregation limit (SSL).' To quantify the
increased/, SAXS measurements were performed on PS-Zj-PMMA (M„ = 62
kg/mol) and d-PS-/>-PMMA {M„ = 56 kg/mol and 1 1 5 kg/mol) with and without
lithium complexes. In the scattering patterns from ordered, lamellar samples,
Bragg reflections are observed at scattering vectors q = qi^ = kg*, where k is an
odd integer, q = Att / Axsinid /2) is the scattering vector, A is the wavelength,
and 0 is the scattering angle. The third-order reflections qs are used to determine
domain spacing D, because of the smaller relative error. In the strong
segregation regime, where the interfacial thickness is sufficiently small compared
to D, the 2/3 power law is satisfied, i.e., D ~ ^Y'^-^^^-^^ Figure 18 shows domain
spacing D versus chain length A" on a double logarithmic scale for these three
copolymers (A'^= 535, 608, and 1 102) without ion-complexes or with equally
concentrated lithium-PMMA complexes. To establish the scaling relationship, D
~ jV", nonlinear least square fits to the data gave a = 0.72 for pure copolymers
and 0.68 for the copolymers complexed with lithium. The high exponent for pure
copolymers arises from the fact that they are located in an intermediate
segregation regime between weak and strong segregation state and the
assumption of narrow interface is not valued.^^" The 2/3 exponent for the
complexed copolymers indicate that the complexation has moved the copolymer
into the strong segregation regime. Assume that the formation of lithium-PMMA
complexes has little influence on the characteristic segmental length, a of the
PMMA, then / for PS-^-PMMA copolymers with lithium-PMMA complexes in
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the strong segregation regime is calculated to be 0.2 10, since D ~ aN~
'^x
^ (/
~
0.038 for pure PS-/?-PMMA copolymers"^'). Therefore, the electric field
experiments for the complexed PS-/)-PMMA copolymers are done in the strong
segregation regime, so that grain rotation can occur.
500 600 700 800 900 1000 1100
N
Figure 18. Domain spacing, D, versus chain length, N, in a double-logarithmic
plot. Triangle: data from PS-/>-PMMA copolymers; diamond: data from
corresponding PS-/>-PMMA copolymers with lithium complexes. Full lines:
nonlinear least square fitting with an R" of 0.999 for each line in the range N =
535 - 1102.
Recently, computational simulation by Lyaknova et al. also suggested
that grain rotation may be a dominant mechanism of realignment in BCP thin
films in the strong separation regime, but a highly defected structure remained
even at the final stage due to the geometric confinement.^" In our system, defects
are almost completely removed due to the increased / and dielectric contrast
between two blocks. Both, / and the dielectric contrast are further increased as
the number or concentration of lithium-PMMA complexes increases. After
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annealing under an applied field for 24 hours complete alignment of the
microdomains is achieved (Figure 19).
Figure 19. Cross-sectional TEM image of PS-/)-PMMA thin film with almost
saturated lithium-PMMA complexes after annealing at 175±5 °C in N2
environment under a dc electric field of ~40 V/mm for 24 hrs.
4.4 Conclusions
We have found that, in thin films, under an applied electric field, the
formation of lithium complexes with PMMA in PS-^-PMMA enables a grain
rotation mediated by the movement of defects to bring about an alignment of
lamellar microdomains. The mechanism, normally found in copolymers in the
strong segregation limit, is enabled by the increase in x and dielectric constant
with the complex formation in thin films. Concentration fluctuations at the
interface between the microdomains are suppressed due to the increase in the
interface tension. By controlling the number of hthium-PMMA complexes the
microdomain alignment is possibly regulated in PS-/)-PMMA copolymer thin
films.
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CHAPTER 5
lON-COMPLEXATION INCREASED THE IMMISCIBILITY: ORIGIN
OF THE TRANSITION IN KINETIC PATHWAY
5.1 Introduction
The increase of microdomain spacing and degree of ordering in a
symmetric PS-/)-PMMA copolymer as a consequence of the formation of
lithium-PMMA complexes via the coordination of lithium ions with carbonyl
groups in PMMA were reported in Chapter 4.' In addition, a transition in kinetic
pathway of the orientation of lamellar microdomains in thin films under an
applied electric field was observed from microdomain disruption and re-
formation to grain rotation, which was predicted to occur only for the copolymer
in strong segregation regime." On the basis of these observations, we propose
that the incompatibility of PS and complexed PMMA becomes stronger as
lithium-PMMA complexes formed. If this is true, the phase behavior of PS-^-
PMMA with ion-complexes will be changed. To examine our assumption, the
influence of ion-complexes on phase behavior of PS-/?-PMMA copolymers is
systematically studied in this chapter.
The influence of salt ions on phase behavior of block copolymers
containing poly(ethylene oxide) (PEG) or poly(vinyl pyridine) (PVP) block,
which can strongly coordinate with salt ions, has been summarized in Chapter
1.^'^ In contrast to these copolymers, PS-/)-PMMA copolymers have relatively
weak interactions between salt ions and carbonyl groups. Even though the
increase in incompatibility of ion-complexed PS-b-PMMA copolymers has been
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proposed, it is not clear how ion-complexes with a weak coordination interaction
will affect phase behavior of PS-/)-PMMA copolymers. Here, we discuss the
influence of ion-complexes on phase behavior of PS-6-PMMA copolymers over
a wide range of molecular weights and volume fractions. Disorder-to-order
transitions (DOT), order-to-order transitions (OOT), and the increase of the
microdomain spacing and degree of ordering were observed in both symmetric
and asymmetric PS-/>-PMIVIA copolymers, suggesting that the formation of ion-
complexes in PMMA blocks increases the incompatibility of PS and complexed
PMMA, which is characterized by the overall Flory-Huggins segmental
interaction parameter, Xeff., in comparing to that of neat copolymers. Similar
effects are found when transition metal ions, like Cu^^, are used with PS-b-
PMMA copolymers.
5.2 Experimental
Materials. Shown in Table 2 are the PS-Z?-PMMA copolymers used in
this study. All the block copolymers were synthesized by sequential living
anionic polymerization. The molecular weights were determined by size
exclusion chromatography (SEC), calibrated with PS standards. The volume
fraction of PS was determined using 'H NMR spectroscopy (400 MHz). Toluene,
tetrahydrofuran (THF), lithium chloride (LiCl) and copper chloride (CuCb) were
used as received.
Sample Preparation. The addition of salts into PS-Zj-PMMA copolymers
and the preparation of the BCP thin films have been described in Chapter 2 & 3.
Samples for small angle x-ray scattering measurements were prepared by drop
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casting the mixed solutions onto Kapton films. All samples were annealed at 170
°C under vacuum for 2 days to reach equilibrium states and then quenched to
room temperature.
Table 2. Copolymer Characteristics
Mw
(kg/mol) fps
PDI Morphology
d-PS-/)-PMMA* 28 0.53 1.07 phase-mixed
PS-/)-PMMA 76 0.94 1.06 phase-mixed
PS-b-PMMA 62 0.53 1.07 lamella
PS-/)-PM]VIA 86 0.75 1.07 cylinder
PS-/>-PMMA 92 0.86 1.06 sphere
d-PS-/?-d-PMMA'' 128 0.88 1.05 sphere
* The PS block of the copolymer is labeled with deuterium to provide a contrast
for neutron scattering. '^Both PS and PMMA block are labeled with deuterium.
Although the interaction between PS and PMMA may be slightly changed by the
deuteration of either block, it is not of significance to the studies presented here .
Small Angle X-Ray Scattering (SAXS). SAXS experiments were
performed at Materials Research Science and Engineering Center (MRSEC) at
the University of Massachusetts, Amherst. A SAXS instrument, consisting of a
three-pinhole collimation system, had an Osmic MaxFlux x-ray (Cu Ka, 0.154
nm) source generated by a copper anode. The size of the beam and beam stop
was about 0.5 mm and 2.5 mm in diameter, respectively. The sample-to-detector
distance (calibrated using silver behenate) was 1 189 mm. SAXS data were
collected by a 2-dimensional, multiwire proportional detector. All the
measurements were performed at room temperature under vacuum with an
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exposure time of 30 to 60 min. All SAXS data presented here are raw data and
not corrected for background and empty cell scattering. Typical SAXS data are
presented within a q range from 0.1 1 nm ' to 1.2 nm ", as determined by
polystyrene homopolymer.
Transmission Electron Microscopy (TEM). To prepare TEM samples,
a thin layer of carbon (~ 20 nm) was evaporated onto the surface of the samples
before embedding into epoxy that was cured at 60 °C overnight. The films were
removed from the substrate by dipping into liquid N2. All samples were
microtomed at room temperature with a diamond knife, and then transferred onto
copper grids. The thin sections were exposed to ruthenium tetraoxide vapor for
-35 min to enhance the contrast. TEM measurements were performed on a JEOL
TEM200CX at an accelerating voltage of 200 kV.
Grazing Incidence Small-Angle X-Ray Scattering (GISAXS).
GISAXS measurements were performed at beamline X22B at National
Synchrotron Light Source at Brookhaven National Laboratory using x-rays with
a wavelength o{X= 1.517 A with an exposure time of 60 s per frame. Typical
GISAXS patterns were taken at an incidence angle of 0.2°, above the critical
angles of the copolymer and below the critical angle of the silicon substrate.
Consequently, the entire structure of copolymer thin films could be detected.
Neutron Reflectivity (NR). Specular NR measurements were performed
at the National Institute of Standards and Technology at the National Center for
Neutron Research on the NG-7 reflectometer and advanced neutron
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diffractometer/reflectometer. The wavelength {X) of neutrons was 4.768 A with
A)JX= 0.02.
5.3 Results and Discussion
DOT in Symmetric and Asymmetric PS-A-PMMA Copolymers. It has
been argued that the formation of hthium-PMMA complexes significantly
increases the segmental interaction between the two blocks ~ If this argument
holds, then it should be possible to drive a phase-mixed PS-/)-PMMA copolymer
into the microphase-separated state by ion-complexation. SAXS and TEM results
of a neat symmetric d-PS-/)-PMMA copolymer (Mn = 28 kg/mol) and the
copolymer with lithium-PMMA complexes give the evidence ofDOT (Figure
20). SAXS profile for the neat copolymer exhibits a single, broad peak with a
maximum at qmax = 0.346 nm ' and a full width at halfmaximum (FWHM) of
0.103 nm' (Figure 20A), in agreement with previous studies . This may indicate
that the neat copolymer is in the phase-mixed state. After ~1 7 % carbonyl groups
are complexed with lithium ions, the reflection sharpens (FWHM of 0.078 nm"')
and shifts to the left at qmax = 0.325 nm ' (Figure 20B). With increasing addition
of lithium ions and complexation (up to -27%), the reflection continues to sharp
(FWHM of 0.054 nm"') and shift to an even lower q (qmax = 0.320 nm ") (Figure
20C). The continuous shift to a smaller q and the sharpening of the reflection
suggest that the copolymer may be driven from a phase-mixed into a microphase-
separated state, i.e., a DOT occurs.^' TEM images fiirther support the presence
of a DOT and demonstrate this transformation more directly. Shown in Figure
20a is a typical image of a phase-mixed block copolymer, in agreement with the
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Figure 20. Left: SAXS profiles for the neat symmetric d-PS-/?-PMMA copolymer
(Mn = 28kg/mol) (A) and the copolymer where -17% (B) and ~ 27% (C) of
carbonyl groups coordinate to lithium ions, after thermal annealing at 170 °C for
2 days followed by quenching to room temperature. Right: The corresponding
TEM images.
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SAXS data. For the copolymer with -17% complexes, large grains of lamellae
appear in the disordered matrix (Figure 20b). At -27%, well-developed lamellae
with a long period of 19.6 nm are seen.
The DOT is further examined in films by NR and TEM. Figure 21 shows
neutron reflectivity profiles for films of the neat copolymer and the copolymer
- * •
'
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Figure 21. Neutron refiecfivity profiles for films of a neat symmetric d-PS-/j-
PMMA copolymer (Mn = 28kg/mol) (A) and the copolymer where ~ 27% of
carbonyl groups coordinate to lithium ions (B) on the native oxide silicon wafers,
after thermal annealing at 170 °C for 2 days followed by quenching to room
temperature.
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with -27% of the carbonyl groups complexed with lithium ions. The NR profile
for the neat copolymer film shows a broad reflection near q* = 0.353 nm ' which
stems from surface induced ordering"' (Figure 21 A). The absence of well
defined Bragg reflections indicates that there is no significant orientation of
lamellar microdomains with respect to the surface, in agreement with the TEM
observadons (Figure 22A). The NR profile for the film containing lithium-
PMMA complexes is markedly different (Figure 2 IB). The presence of a sharp.
im nm
Figure 22. Cross-sectional TEM images of films of a neat symmetric d-PS-/?-
PMMA copolymer (Mn = 28kg/mol) (A) and the copolymer where ~ 27% of
carbonyl groups coordinate to lithium ions (B), after thermal annealing at 1 70 °C
for 2 days followed by quenching to room temperature.
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intense peak at q = 0.333 nm , together with the higher order refleetions,
indicates that the copolymer film with Hthium-PMMA complexes microphase-
separates into alternating dPS and PMMA multilayers, consistent with the cross-
sectional TEM image (Figure 22B). Consequently the copolymer has undergone
a transition from a phase-mixed to a microphase-separated state with the
formation of lithium-PMMA complexes.
The DOT induced by lithium-PMMA complexes was also seen with an
asymmetric PS-Zj-PMMA copolymer with a molecular weight of 76 kg/mol and
PS volume fraction of 0.94. The SAXS profile for neat asymmetric copolymer
(Figure 23) shows a very broad peak at qmax = 0.305 nm"' which is attributed to
the correlation hole effect.'^ '" With lithium-PMMA complexes, the peak is more
pronounced and significantly sharpened especially in the q range of 0.1322 to
0.2043 nm ' (noted by the dashed line in Figure 23) with q* at 0.166 nm '. The
peak is broad in the q range of 0.2277 to 0.3967 nm ', where the higher orders
should be seen, if the spherical domains are ordered on a lattice. The strong
decrease in qmax and the broad shoulder in a q range from 0.2277 to 0.3967 nm"'
suggest that microphase separation has occurred but the spherical microdomains
pack in a liquid-like state. Inducing a DOT by lithium-PMMA complexes in both
symmetric and asymmetric copolymers further substantiates the conclusion that
the overall segmental interaction parameter Xeff- is significantly increased by the
formation of ion-complexes.
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Figure 23. SAXS profiles for a neat PS-Z)-PMMA copolymer (Mn = 76 kg/mol
and fps = 0.94) (•) and the copolymer where ~ 27% of carbonyl groups
coordinate to lithium ions (O), after thermal annealing at 170 °C for 2 days
followed by quenching to room temperature.
OOT from Spheres to Cylinders. A d-PS-/?-d-PMMA copolymer with a
molecular weight of 128 kg/mol and d-PS volume fraction of 0.88, near the phase
boundary of the spherical and cylindrical microdomains was used to examine the
possibility of order-to-order transitions. The SAXS profile for the neat
copolymer, shows two peaks locate at Iq , 5' "^q* (Figure24A), suggesting a
spherical microdomain morphology . However, the SAXS profile for the
copolymer with lithium-PMMA complexes is distinctly different. The first-order
Bragg reflection shifts from 0. 144 nm"' for the neat copolymer to 0. 127 nm ' and
peaks appear at Iq
,
3 "q
,
7 "q
,
12 "q
,
which is characteristic of a hexagonal
symmetry (Figure 24B), indicating that either the liquid-like packing of spheres
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changes to hexagonally packed cylinders or spherical microdomains packed on a
hexagonal lattice due to the formation of lithium-PIVlMA complexes. Real-space
observations by TEM were performed to complement the SAXS. The TEM
image of the neat copolymer shows only liquid-like packing of spheres (Figure
24a), consistent with the SAXS data. At a high concentration of lithium-PMMA
complexes formed in the copolymer (-27% for this case), the hexagonally
ordered cylindrical microdomains are seen, demonstrating that an OOT occurs
(Figure 24b).
'
- I i_
0.3 0.6 0.9
q (nm ')
Figure 24. SAXS profiles for a neat d-PS-/)-d-PMMA copolymer (M,, = 128
kg/mol and [ps = 0.88) (A) and the copolymer where ~ 27% of carbonyl groups
coordinate to lithium ions (B), after annealing at 170 °C for 2 days followed by
quenching to room temperature. Right: The corresponding TEM images.
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The OOT induced by lithium-PMMA complexes can be more clearly
seen in the concentration-dependent experiments. Shown in Figure 25 are SAXS
profiles for the copolymers where ~3% to -5%, -10% and -15% of the carbonyl
groups in the PMMA are complexed with lithium ions. Up to -3% of
complexation, the copolymer retains a spherical microdomain morphology but
packed in a BCC lattice'^, which is confirmed by the SAXS profile that shows
* \
/~*
* 1/'' *
three peaks at Iq , 2 , 5 "q (Figure 25A). As the concentration of lithium
]/') * ly^ *
complexes increases, the high orders Bragg reflections at 2 "q and 5 "q
disappear and reflections at 3 "q , 7 "q , 3q are seen instead, indicating that a
BCC packed spherical microdomain morphology changes into a hexagonal
packed cylindrical morphology (Figure 25B-D). In addition, the first-order Bragg
reflection shifts slightly to lower q. Real-space observations by TEM were
performed to complement the SAXS. As expected, the TEM image of the neat
copolymer only shows liquid-like packed spheres (Figure 26A). The copolymer
with ~3% of the carbonyl groups complexed with lithium ions exhibits the
morphology with much better ordered spherical microdomains (Figure 26B).
With increasing lithium concentration, the cylindrical microdomain morphology
is very clearly seen, demonstrating that an OOT occurs (Figure 26C). As lithium-
PMMA complexes further increase, the ordering of cylindrical microdomains
improves (Figure 26C). When -15% of the carbonyl groups are complexed with
lithium ions, highly ordered cylinders with a hexagonal packing are seen in
Figure 26D. Thus, the concentration-dependent experiments confirm the
occurrence of an OOT from spheres to cylinders.
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Figure 25. SAXS profiles for the d-PS-/)-d-PMMA copolymers (Mn = 128
kg/mol and (ps = 0.88) where -3% (A), -5% (B), -10% (C), and -15% (D) of
carbonyl groups coordinate to lithium ions, after annealing at 1 70 °C for 2 days
followed by quenching to room temperature.
71
300jim
-y
Figure26. TEM images of a neat d-PS-/)-d-PMMA copolymer (Mn = 128 kg/mol
and fps= 0.88) (A) and the copolymers where -3% (B), -5% (C), -10% (D), and
-15% (E) of carbonyl groups coordinate to lithium ions, after annealing at 170
°C for 2 days followed by quenching to room temperature.
72
Enhanced Ordering and Microdomain Spacing in PS-/>-PIVlIVlA Copolymers.
The TEM images show that, above DOT, the ordering of the lamellar
microdomains improves with increasing lithium-PMMA complexes (Figure 20c).
What is more, the highly ordered multilayered structure in a copolymer film can
persist over -23 periods (Figure 22B), which has not been observed in thin films
of a neat phase-separated copolymer with a higher molecular weight.'*^" "'^ Similar
enhanced ordering was also observed previously in a well-separated symmetric
PS-/7-PMMA copolymer." Besides the enhanced ordering, the increase in the
microdomain spacing is another common effect associated with the formation of
ion-complexes. This may arise from two possible effects: the stretching of the
copolymer chains due to the enhanced segment-segment interaction^"^" or the
volume fraction of the additives, such as homopolymers"' '""\ nanoparticles""* or
small organic molecules"" " . To form a high concentration of ion-complexes, the
volume of added salts is calculated to about 0.1 ~ 0.3% of the copolymer volume,
whereas the microdomain spacing usually increases by ~2 nm, leading to an
increase of 4-6% in volume, an order higher than the volume of added salts.
Therefore, we attribute these striking effects seen in the ordering and spacing of
lamellar microdomains mainly to the increase in overall segmental interaction
Xeff..
The increased ordering and microdomain spacing were fiirther examined
in bulk and films of asymmetric copolymers with cylindrical and spherical
microdomain morphologies. SAXS profile for the neat PS-/)-PMMA copolymer
with a molecular weight of 86 kg/mol and a PS volume ratio of 0.75 shows three
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peaks at Iq , 3 "q , 7 "q (Figure 27A), indicating a hexagonally packed
cylindrical microdomain morphology. PMMA cylinders are distributed in a PS
matrix in the corresponding TEM image (Figure 27a), with poor ordering and
weak contrast, due to the broad interphase between two microdomains (~ 5
nm)/ After lithium-PMMA complexes are formed in the copolymer, the higher
0.3 0.6 0.9
q (nm *)
Figure 27. Left: SAXS profiles of a neat PS-/>-d-PMMA copolymer (Mn = 86
kg/mol and fps= 0.75) (A) and the copolymer where ~ 17% of carbonyl groups
coordinate to lithium ions (B), after thermal annealing at 170 °C for 2 days
followed by quenching to room temperature. Right: The corresponding TEM
images.
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ordered reflections at 3' "^q'and 7' "q* become more intense (Figure 27B),
suggesting that the PMMA cyhnders packed more orderly, which is in a good
agreement with the observation of the higher ordering and better contrast by
TEM (Figure 27b). Additionally, the increase in the microdomain spacing is
*
-
1
reflected in the decrease in q from 0. 1 70 nm" for the neat copolymer to 0. 1 63
nm ' for the copolymer with lithium-PMMA complexes.
A similar influence of lithium-PMMA complexes on the ordering of the
microdomains is also observed in films by GISAXS and TEM. Comparing
GISAXS patterns for a neat copolymer film (Figure 28A) and the one containing
lithium-PMMA complexes (Figure 28B), a scattering ring, arising from randomly
oriented cylinders in the films (marked A), is observed in both cases, but the
(A) (a)
0.6 >
E 0.4
c
0.2
0
-0.6 -0.4 -0.2 0 0-2
(B)
3.4 0.6
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20|Uim
^
Figure 28. Left: GISAXS patterns of thin films of a neat PS-/7-d-PMMA
copolymer (Mn = 86 kg/mol and fps = 0.75) (A) and the copolymer where ~ 17%
of carbonyl groups coordinate to lithium ions (B), after thermal annealing at 170
°C for 2 days. Right: The corresponding TEM images.
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scattering ring from the films with lithium-PMMA complexes is much weaker
than that from the neat copolymer films. In addition, two diffraction spots
(marked Rl ) on weakly developed semicircular lines appear in the GISAXS
pattern of the film with lithium-PMMA complexes. They are attributed to the
first-order Bragg peaks from cylindrical microdomains lying in the film plane,
demonstrating a relative large population of cylinders oriented in that direction."
The corresponding TEM images confinn the GISAXS observation in that more
cylindrical microdomains oriented in-plane are seen in the films with lithium-
PMMA complexes (Figure 28b) than in the neat copolymer (Figure 28a). Thus an
increase in the ordering of cylindrical microdomains is seen with complexation.
The influence of lithium-PMMA complexes on the ordering and spacing
is also observed in the asymmetric PS-Z?-PMMA copolymer (Mw = 92 kg/mol
and a PS volume ratio of 0.86) that forms a spherical microdomains. The SAXS
profile for the neat copolymer shows three peaks at Iq*, 2' ~q* (very weak), S' ^'q*
(Figure 29A), indicating a spherical microdomain morphology. Similarly to the
case of the cylindrical forming PS-Zj-PMMA copolymer, the SAXS profile for
the copolymer with lithium-PMMA (Figure 29B) shows a more distinguishable
higher order reflections at 2 "q and 3 "q with a decrease in q from 0.217 nm'
for the neat copolymer to 0.205 nm '. The corresponding TEM images indicate a
significantly enhanced ordering for the copolymer with lithium-PMMA complex,
as evidenced by the highly ordered spherical microdomains packed in a body-
centered cubic (BCC) latdce (Figure 29b). In films, the GISAXS pattern of the
neat copolymer film shows several diffraction spots (Figure 30A), which are
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characteristic of a BCC structure, according to the recent report" . These Bragg
diffraction spots, however, are elongated and distorted in that position-disordered
spheres exist in the BCC lattice, as indicated by the TEM images (Figure 30a). In
contrast, the GISAXS pattern of the film with lithium-PMMA complexes (Figure
30B) exhibits much sharper Bragg reflections without any distortion, consistent
S
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Figure 29. Left: SAXS profiles of a neat PS-/j-PMMA copolymer (Mn = 92
kg/mol and fps = 0.86) (A) and the copolymer where ~ 27% of carbonyl groups
coordinate to lithium ions (B), after annealing at 170 °C for 2 days followed by
quenching to room temperature. Right: The corresponding TEM images.
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with the cross-sectional TEM image showing PMMA spherical microdomains
are nearly perfectly packed in a BCC lattice (Figure 30b).
Influence of Copper-PMMA Complexes. Carbonyl groups in PMMA
can interact with different metal ions, such as Cu~ \ Ca"^, and Pb'^ , to form ion-
complexes.^'* Copper-PMMA complexes were formed in a symmetric PS-b-
200 nm
200 run
-0.4 -0.2 0 0.2 0.4
Figure 30. Left: GISAXS patterns of thin films of a neat PS-^-PMMA copolymer
(Mn = 92 kg/mol and fps = 0.86) (A) and the copolymer where ~ 27% of carbonyl
groups coordinate to lithium ions (B), after thermal annealing at 170 °C for 2
days. Right: The corresponding TEM images.
PMMA copolymer with a molecular weight of 62 kg/mol to study the influence
of different ion-complexes on the phase behavior of PS-/?-PMMA copolymers.
Figure 3 1 shows SAXS profiles and TEM images of the neat copolymer and the
copolymer where -17% and -27%) of the carbonyl groups have been complexed
with copper ions, respectively. The first-order Bragg reflection q* shifts from
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Figure 31. Left: SAXS profiles for a neat PS-/)-PMMA copolymer (Mn = 62
kg/mol and fps = 0.53) (A) and the copolymers where ~ 17% (B) and ~ 27% (C)
of carbonyl groups coordinate to copper ions, after thermal annealing at 1 70 °C
for 2 days followed by quenching to room temperature; Right: The corresponding
TEM images.
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0.181 nm ' for the neat copolymer to 0.176 nm ' for the copolymer with copper-
PMMA complexes and the intensity of 2q and 3q relative to q increases,
indicating that the microdomain spacing and degree of ordering are enhanced by
the formation of copper-PMMA complexes. The increased ordering of
copolymers obser\'ed by TEM is more pronounced. With increasing copper-
PMMA complexes, grain sizes become larger and the density of the defects
decreases. Up to ~ 27% of the carbonyl groups complexed with copper ions,
grains are so large that few defects can be seen over ~ 2.5 x 2.5 All these
effects are similar to that seen with the lithium-PMMA complexes in the
symmetric PS-^-PMMA copolymer with a molecular weight of 57 kg/mol (in
Chapter 4 ), implying that the copper-PMMA complexes play an identical role as
the lithium-PMMA complexes in PS-/?-PMMA copolymers to enhance the
repulsive interaction, /eft. \
5.4 Conclusions
We have shown the influence of ion-complexes on phase behavior of PS-
/)-PMMA copolymers in bulk and films. DOT in both symmetric and asymmetric
PS-/?-PMMA copolymers were seen, indicating that the overall segmental
interaction Xeff. is significantly increased as a result of ion-complex formation.
The enhanced /eff. leads to the occurrence an OOT from spheres to cylinders and
an increase in ordering and spacing of copolymer microdomains. Concentration-
dependent studies demonstrated that x is highly dependent on the concentration
of ion-complexes, providing an additional tool to tune the degree of microphase
separation of PS-^-PMMA copolymers. Furthermore, the addition of transitional
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metal ions, which can be reduced to metal particles, makes it possible to
incorporate different functionalities into copolymers, offering a way to fabricate
luminescent, electric, magnetic and non-linear optical materials.
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CHAPTER 6
TEMPERATURE DEPENDENCE OF THE INTERACTION
PARAMETER OF lON-COMPLEXED PS-A-PMMA COPOLYMER
6.1 Introduction
lon-complexed polymers have attracted much attention because they
carry high ion conductivity, stable electrochemical characteristics and excellent
mechanical properties.'^ Transition metal ions confined in the microdomains of
block copolymers (BCPs) can also be converted into the corresponding metallic
nanoparticles by reduction reactions, providing a simple route for the
incorporation of inorganic nanoparticles into BCP microdomains.^"^ Recent
studies showed that the formation of ion complexes in copolymers dramatically
changed the phase behavior of BCPs that have strong coordination interactions
with the metal ions, for example, BCPs containing poly( ethylene oxide) (PEO) or
poly(vinyl pyridine) (PVP) blocks. Mayes and coworkers observed a significant
increase in order-to-disorder transition temperature (ODT) in poly( methyl
methacrylate)-^-poly(oligo oxyethylene methacrylate) (PMMA-Zj-POEM)
copolymer with lithium trifluoromethane sulfonate (LiCF3S03) complexed with
the PEO side chains. Subsequently, Bates and coworkers reported a similar
phenomena of an increase in ODT and microdomain spacing in poly(styrene-^-
isoprene-/7-ethylene oxide) (PS-Zj-PI-Zj-PEO) and poly(isoprene-/?-styrene-6-
ethylene oxide) (PI-ft-PS-Z)-PEO) triblock copolymers complexed with lithium
perchlorate (LiC104). They proposed that an effective interaction parameter, Xetfc,
increased with the formation of lithium-PEO complexes."^' " An increase in ODT
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and microdomain spacing were also observed in the cadmium complexed PS-b-
P2VP copolymer by Kim el al, but the authors argued that the increase arose
from a change of P2VP chain conformation resulting from coordination of P2VP
with cadmium ions, instead of an increase in Xeffc-'"^
More recently, we found an increase in the microdomain spacing and
ordering in PS-/7-PMMA copolymers as a consequence of the formation of
lithium-PMMA complexes by the coordination of lithium ions with carbonyl
groups in PMMA blocks. In addition, the formation of ion complexes induced a
disorder-to-order transition and an order-to-order transition from spherical to
cylindrical morphologies. These observations imply that Xeftc of lithium-
complexed PS-/)-PMMA may increase due to the formation of lithium-PMMA
complexes, but the increase hasn't been determined quantitatively. Furthermore,
how the chain conformation changes remains unclear. To understand the physical
origin in the phase behavior induced by lithium-PMMA complexes, we
investigated the effective interaction parameter, Xetic and the chain conformation
of lithium-complexed PS-/7-PMMA copolymers by small-angle neutron
scattering (SANS) as functions of both temperature and the percentage of
carbonyl groups coordinated with lithium ions. In comparison to neat PS-h-
PMMA copolymer, Xefic and the statistical segmental lengths a of both PS and
PMMA increased in the lithium-complexed PS-/)-PMMA copolymers to an
extent that depended on the percentage of carbonyl groups coordinated with
lithium ions. In addition, the temperature dependence of Xctk v for the lithium-
complexed PS-/7-PMMA was weaker than that for the neat copolymer. These
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results confinn that the phase behavior changes induced by lithium-PMMA
complexes, such as OOT, DOT, the increased ordering and microdomain
spacing, originate from the integrated effect of the increase of segmental
interactions and the change of chain conformation.
6.2 Experimental
A diblock copolymer comprised of a perdeuteratured polystyrene (d-PS)
and a nonnal poly(methyl methacrylate) (PMMA), with a total number-average
molecular weight, Mn, of 28 kg/mol (N=282) and a polydispersity PDI = 1.06
was synthesized by sequential living anionic polymerization. The Mn of d-PS
was 15 kg/mol (N=143) with a polydispersity of 1 .03 as determined from size-
exclusion chromatography. The total volume fraction of d-PS in the diblock
copolymer, (, was 0.53.
The lithium complexed d-PS-/)-PMMA copolymer was prepared by
mixing two solutions of lithium chloride (LiCl) in tetrahydrofuran (THF) and the
copolymer in toluene at a given ratio with continuous stirring and moderate
heating until most ofTHF was evaporated and the solutions became clear.
Details about this process can be found in previous report The percentage of
the carbonyl groups complexed with lithium ions was estimated by FT-IR.
Samples for the small-angle neutron scattering (SANS) measurements
were prepared by compression molding a powder of the copolymer into 1.5-cm
diameter disks with 0.5 mm thickness at 150 °C. The disks were then heated to
135 °C under vacuum for 2 weeks and 170 °C under vacuum for 4 hrs. Samples
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for analysis were placed into demountable titanium cells fitted with quartz
windows. The entire assembly was mounted on a remote-controlled multi-sample
block with a heating setup designed for the neutron spectrometer. Prior to each
measurement the samples were allowed 20 min to achieve thermal equilibrium.
The temperature was monitored and controlled by a thermocouple located in
close proximity to the samples. The temperature control was to within ±1 °C at
each temperature.
SANS measurements were performed at the Cold Neutron Research
Facility at the National Institute of Standards and Technology on beamline NG-3.
(see reference 17 for details of instrument design and operation) The wavelength
of the neutron beam is 6 A ' with A>l = 15 %. Each measurement was performed
in two different instrument configurations, characterized by nominal sample-to-
detector distances of 2.0 m and 5 m, resulting in a <7 range of 0.007 - 0.3 A"'. The
scattered intensity was corrected for instrument dark current, empty cell
scattering, and beam transmission to obtain the absolute neutron intensity by use
of the available data reduction macros based on the IGOR Pro data analysis
1
8
package.
6.3 Results and Discussion
SANS profiles (I(q) \sq = (47r-sin9)/?L, where q is the scattering vector
and 20 is the scattering angle and I(q) is the absolute neutron scattering cross
section) for the neat d-PS-/j-PMMA copolymer obtained at five temperatures are
shown in Figure 32. All the scattering profiles show a single, broad reflection
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arising from the correlation-hole scattering of a block copolymer in the
disordered state.' ' As the temperature increases from 100 to 240 °C, q.^ax values
slightly shift from 0.0327 A"' to 0.0336 A the absolute intensities of qmax
decreases from 300 to 145 cm ' and the profiles broaden with the FWHM
increasing from 0.0039 to 0.0058 A"'. The observations are consistent with the
neat copolymer being in a disordered state."^"
0.01 0.06 0.11 0.16 0.21 0.26
q (A-^)
Figure 32. SANS profiles at various temperatures for the neat d-PS-/7-PMMA
copolymer. For clarity, SANS profiles are vertically shifted by a factor of 10.
Figure 33 shows the SANS profiles for the d-PS-/7-PMMA copolymer
with ~ 10 % of carbonyl groups coordinated with lithium ions at the same
temperatures as the neat copolymers. Similar to the case of the neat copolymer,
all the scattering profiles have a single reflection. However, in contrast to those
of the near copolymer, qmax values shift ~ 6. 1 % to qmax ~ 0.03 1 A', I(qmax)
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increases moderately and the scattering profiles sharpen. Since no higher order
reflections appear, the changes in the shape and position of the scattering profiles
are not sufficient to prove that the complexed copolymer has been driven into the
0.01 0.06 0.11 0.16 0.21 0.26
q(A-^)
Figure 33. SANS profiles at various temperatures for the d-PS-/)-PMMA
copolymer with ~ 1 0% of carbonyl groups coordinate to lithium ions. For clarity,
SANS profiles are vertically shifted by a factor of 10.
microphase-separated state due to the increase in Xeffc- If the ion-complexed
copolymer is in a disordered state, the experimental scattering profile should
described by the correlation-hole formalism described by Leibler.'^ For the neat
copolymer at 100 °C, the experimental and calculated profiles are consistent with
the correlation-hole scattering, as shown in Figure 34A. However, for the
copolymer with ~ 10 % of carbonyl groups coordinated to lithium ions at 100 °C,
Kqmax) can not be described by the simple correlation-hole argument (Figure
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34B). Fredrickson et al."^' argued that close to the DOT, composition
fluctuations contribute significantly to the observed scattering and the simple
mean field arguments do not work. Therefore, the mismatch between the
experimental and calculated scattering profiles indicates that this ion-complexed
copolymer at 1 00 °C may has been driven close to the phase boundary of the
DOT but not fully microphase-separated since no higher order reflection is
observed. In addition, over the entire experimental temperature range, gradual
changes in qmax(from 0.0315 to 0.0313 A"'), l(qniax) (from 320 to
B
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Figure 34. Small-angle neutron scattering profiles of the neat d-PS-/7-PMMA
copolymer (A); the copolymers with ~ 10 % (B) of carbonyl groups coordinate to
lithium ions at temperature of 100 °C. Inset: Comparison of the experimental
data (o) and calculated scattering profiles (-) by use of Leibler's theory.
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260 cm ') and the FWHM of the profiles (from 0.0036 to 0.0041 A ') are
observed
As the percentage of carbonyl groups coordinated with lithium ions
further increases to - 23 %, the SANS profiles are significantly changed (Figure
35). Below 200 °C, a very sharp peak at q* ~ 0.0310 A"' with a second order
reflections at 2q demonstrates that the lamellar morphology is well developed in
the ion-complexed copolymer, confirming that a DOT is induced by the ion
complexes. With increasing temperature above 200 °C, the sharp reflection is
replaced by a single, broad reflection that is characteristic of a block copolymer
in a disordered state, indicating the occurrence of temperature-induced ODT. By
increasing the temperature to 240°C, no significant changes in qmax, I(qmax) and
the FWHM are observed, similar to the copolymer with ~ 10 % of carbonyl
groups coordinated by lithium ions. The temperature dependence of x for the
neat PS-/)-PMMA copolymer is weak (x = (0.028±0.002) + (3.9±0.06)/T)).'" The
DOT/ODT can be observed only within a narrow molecular weight window,
which is most difficult to control and to synthesize. Here, both the DOT and
ODT are observed in the ion-complexed copolymer by control over temperature
and concentration of lithium-PMMA complexes without varying the degree of
polymerization, N, providing a simple way to tune the phase behavior of PS-/?-
PMMA copolymer.
For the neat copolymer and the copolymers with ~ 10 % and ~ 23 % of
carbonyl groups coordinated to lithium ions, the SANS results suggest that all
three samples are in the disordered state at temperature above 200 °C. This
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0.01 0.06 0.11 0.16 0.21 0.26
q (A-^)
Figure 35. SANS profiles at various temperatures for the d-PS-/>-PMMA
copolymer with ~ 23% of carbonyl groups coordinate to lithium ions. For clarity,
SANS profiles are vertically shifted by a factor of 10.
allows us to derive Xetfc and a from the correlation-hole scattering described by
Leibler''^ for each block as a function of temperature and the percentage of
carbonyl groups coordinated with lithium ions. The mathematical equations are
well described in the earlier literature and not reproduced here.'^" In
principle, all the parameters for the calculation of the scattering profiles are
known with the exception of the Flory-Huggins segmental interaction parameter,
X, and the statistical segment length, a, of each component. The value of x
dictates the I(qmax) and the FWHM of the scattering profile, and the value of a,
determines the position of qmax- Therefore, by varying x and a„ the calculated
scattering profiles can be fit to the experimental profiles. Figure 36 shows the
comparisons between the experimental and calculated profiles for the neat
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Figure 36. Comparison of the calculated (solid lines) and experimental (symbols)
neutron scattering profiles at T = 240 °C for the neat d-PS-/?-PMMA copolymer
(o); the copolymers with ~ 10% (*) and ~ 23% (A) of carbonyl groups coordinate
to lithium ions. Here, % = 0.03616; 0.03647 and 0.03702 were used in the
calculations for the neat copolymer; the copolymers with ~ 10% and ~ 23% of
carbonyl groups coordinate to lithium ions, respectively.
copolymer and the copolymers with ~ 1 0 % and ~- 23 % of carbonyl groups
coordinated to lithium ions at 240 °C. x= 0.03616; 0.03647 and 0.03702; aps =
8.67; 9.34 and 9.41; ctrmma = 8.79; 9. 11 and 9.60 were used for these three
copolymers, respectively. The agreement in the shape and the position of qmax
between theory and experiment is quite good over the entire scattering vector
range at this temperature, confirming that the formation of lithium-PMMA
complexes increases Xeffc and ct of each block, and the degree of the increase is
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dependent on the degree of complexation. The shape of the calculated scattering
profile is quite sensitive to the value of x- As shown in Figure 37, variation of x
0.02 0.04 0.06 0.08
Figure 37. Comparison of the experimental neutron scattering profile (symbols)
at T = 240 °C for the d-PS-/)-PMMA copolymer with ~ 23% of carbonyl groups
coordinate to lithium ions and calculated neutron scattering profiles (lines) where
1 = 0.03702; 0.03712 and 0.03722 were used in the calculation.
by more than 0.0001 produced unacceptable fits to the experimental scattering
profiles. Consequently, error limits of ±0.0001 can be placed on the reported x
values. Figure 38 summaries the fitting results of x as a funcfion of 1/T for the
neat copolymer and the copolymer with ~ 10 % and ~ 23 % of carbonyl groups
coordinated to lithium ions at temperature above 200 °C. The fitting parameters
are listed in Table 3. For the -10 % sample, a good fit can be achieved at
temperatures of 2 10 ~ 240 °C and for the ~ 23 % sample, only the scattering
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Table 3. Temperature Dependence of Parameters for the Neat and Complexed
PS/PMMA copolymers
Samples T(°C) q(A-') aps(A) C^PMMA (A) 1
Neat
200 0.0329 8.73 8.98 0.03668
210 0.0330 8.73 8.92 0.03658
220 0.0332 8.71 8.88 0.03646
230 0.0334 8.72 8.81 0.03632
240 0.0336 8.67 8.79 0.03616
10%
210 0.0315 9.21 9.09 0.03676
220 0.0314 9.22 9.13 0.03676
230 0.0313 9.35 9.07 0.03674
240 0.0313 9.34 9.11 0.03674
23 % 240 0.0303 9.41 9.60 0.03702
profile at 240 °C can be reproduced. Over the entire temperature range in Figure
38, X23% > Xio% > /neat is secn. For /23% at temperature below 200 °C, the value
should be much higher than 0.037 since the copolymer has been driven into the
phase-separated state. But the exact value cannot be determined from the
23
correlation-hole scattering. Though the effects of the composition fluctuations
and polydispersity"^""^ have not been taken into account in our study, the
dependence of 7 on temperature remains. 7 was found to vary as 1/T for both the
neat copolymer and ~ 10 % complexed copolymer, though the temperature
dependence for the complexed copolymer was weaker. A linear least-squares fit
to the data in Figure 38 gives Xneat = (0.0294 ± 0.0002) + (3.2 ± 0.2)/T, consistent
with the previous result of x = (0.028 ± 0.002) + (3.9 ± 0.6)/T For the ~ 10 %
complexed copolymer, a similar fit gives ^complexed = (0.0363 ± 0.0001 ) + (0.20 ±
0.07)/T. Representing x in terms of entropic, xs-, and enthalpic, xh, X can be
described as x = Xs + Xh /T. A comparison of Xneat and Xcompiexed shows that the
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entropic contribution to x tor the complexed copolymer increased and the
enthalpic contribution decreased, resulting in a nearly temperature-independent
X y + y IT A 23 %
0.0372 o 10%
A 0 Neat
0.0369
X = 0.0363 + 0.2 /T
—
O 0-
0.0366
0.0363
0.0360 X
= 0.0294 + 3.2/T
1.9 2.0 2.1
1/TX10^ (k')
Figure 38. The segmental interaction parameter, as a function of the reciprocal
temperature for the neat d-PS-^-PMMA copolymer, the copolymers with ~ 10%
(*) and ~ 23% (A) of carbonyl groups coordinate to lithium ions.
6.4 Conclusions
We have demonstrated the ion-complexation-induced changes in the
segmental interaction parameter and the chain conformation of PS-/j-PMMA
copolymers. Both Xeffc, and a of PS and PMMA increase with the formation of
lithium-PMMA complexes and the extent of the increase depends on the
concentration of lithium-PMMA complexes. The increase in Xeftc and a gives
rise to the observed changes in the ODT and OOT. Due to an increase in Xs and
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decrease in xh, XcHc of the lithium-complexed PS-/)-PMMA becomes less
temperature-dependent.
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CHAPTER 7
EFFECT OF ION-COMPLEXES ON ELECTRIC-FIELD-INDliCED
SPHERE-TO-CYLINDER TRANSITION
7.1 Introduction
The self-assembly of block copolymers (BCPs) in thin films has attracted
significant attention due to its potential application as templates and scaffolds for
the fabrication of nanostructured materials.'"^ Key for the successful
implementation of this strategy is the control of the orientation and ordering of
BCP microdomains. Electric fields have been proven an effective route to control
the orientation of BCP microdomains in thin films. " The alignment arises from
the difference in dielectric constants, A£- between two blocks.*^" Many studies
have shown that the electric field can enhance fluctuations at the interface
between the microdomains of the BCPs and align the lamellar and cylindrical
microdomains in the direction of the applied field. This alignment is controlled
by the applied electric field strength, the interfacial energies, As and the film
thickness.*^' " The interfacial energy of each block has proven to be an
impediment to achieving complete alignment of the microdomains.^' '^^
Specifically, to align the BCP microdomains normal to the film surface, the force
resulting from the applied electric field has to be larger than a threshold value to
overcome the preferential interfacial interaction that tend to align the BCP
microdomains parallel to the substrate.
A dimensionless parameter 5, the relative difference in interfacial
energies of each block with the substrate, is defined as 5 =
I Yas - yes I /yi, where
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Yas and yes are the interfacial energies of block A and B with the substrate,
respectively, and yj is the interfacial energy between block A and block B. It
describes the strength of the interfacial interactions and, hence, is a measure of
the force maintaining an orientation of the microdomains parallel to the substrate.
Recently, Xu et al reported that on a surface with the balanced interfacial
interaction, 5 = 0, an electric field induced the sphere-to-cylinder (S-to-C)
transition in BCP thin films. The intermediate stages of this S-to-C transition
showed that the spherical microdomains were initially deformed into ellipsoids
by the applied electric field and subsequently interconnected into cylindrical
microdomains oriented in the direction of electric field through the entire films.
Several theoretical studies have appeared to describe this structure transition.'^"
However, they do not discuss the influence of interfacial energy on the S-to-
C transition and assume that the interfacial interactions are balanced.
On the other hand, Zvelindovsky et al. modeled the transition on the basis
of "dielectric contrast mechanism" and derived a substantially larger critical
electric field strength than that was observed for S-to-C transition in the
experiment."' This inconsistency motivated Tsori et al. to propose a "mobile ions
mechanism", which argued the presence of the dissociated lithium ions in the
BCP that considerably lower the critical electric field strength for S-to-C
2'' •
transition. " Our recent experiments on the symmetric BCP thin films showed
that uncomplexed lithium ions had no effect on the electric-field-induced
reorientation of the microdomains, whereas the complexed lithium ions in the
BCP could induce an enhanced alignment of lamellar microdomain due to the
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significant reduction of the critical electric field strength by increasing A^; the
difference in the dielectric constants of each block, and mediating the strong
interfacial interactions.^"'' Assuming that the results in the symmetric BCP
copolymers still applicable to the asymmetric BCP copolymers, to understand the
effect of ion-complexes on the electric-field-induced S-to-C transition, it is
necessary to know how the interfacial interaction affect this process.
Here, we investigate the effect of the interfacial energies on the electric-
field-induced S-to-C transition in polystyrene-Z?-poly(methyl methacrylate) (PS-
/j-PMMA) copolymer thin films as a function of 8. Only when the interfacial
interaction is balanced (5 = 0), an electric-field-induced S-to-C transition occurs
within a realistic time scale. Otherwise, the spherical microdomains are only
elongated into ellipsoids with different stretching ratios. The studies of kinetics
in S-to-C transition indicate that the interfacial energies alter both the critical
electric field strength and the time scales of kinetics. We further provide
evidence that the formation of ion-complexes in the BCP enhances the electric-
field-induced S-to-C transition even on a native Si substrate without any surface
modification. Consequently, by use of surfaces with balanced interfacial
interactions or incorporating ion-complexes into the BCP, the electric-field-
induced S-to-C transition can be achieved.
7.2 Experimental
Materials. A deuterated polystyrene-/)-deuterated poly(methyl
methacrylate) (d-PS-^)-d-PMMA) BCP used in this study was synthesized by
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sequential living anionic polymerization. The copolymer has a total number-
average molecular weight M„ = 128 kg/mol, a polydispersity PDI = 1 .05 and a d-
PS volume fraction/j.ps = 0.88. Although the deuteration of either block slightly
changes the interaction between PS and PMMA blocks, it is not of significance
to the studies presented here" .
Four hydroxyl-terminated random copolymers of styrene and methyl
methacrylate with styrene fractions as 0.3 (30/70) 0.58(58/42), 0.8 (80/20), and
0.9 (90/10), synthesized by living free radical polymerization were used to
control the interfacial energies of each block with the substrates" . The random
''9
copolymers were covalently anchored to the surface, as described previously" , to
give a ~ 6-nm copolymer brush. Using 77= 0.8 erg/cm", the values of 5 are 0.53,
0, 0.73, and 0.94, respectively for styrene fractions of 0.30, 0.58, 0.8 and 0.9
Sample Preparation. Details on the substrate modification and
measurement of the interfacial energy differences have been reported
previously^". Neat block copolymer thin films were prepared by spin-coating the
solutions of the copolymer in toluene onto either the native Si substrates or Si
substrates modified by random copolymers.
The lithium complexed d-PS-/)-d-PMMA copolymer was made by mixing
two solutions of lithium chloride (LiCl) in tetrahydrofuran (THF) and the
copolymer in toluene at a given ratio with continuous stirring and moderate
heating until most ofTHF was evaporated and the solutions became clear.
Details about this process can be found in previous reports "^" ^\ To ensure the
formation of lithium complexes, the samples were measured by FT-IR and the
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percentage of the complexed carbonyl groups was estimated. For the Hthium
complexed d-PS-/)-d-PMMA BCP, the thin films were prepared by spin-coating
the mixed solutions onto the native Si substrates which preferentially interact
with the d-PMMA block.
The electric field was applied across the thin films. All the electric-field
experiments were performed at 1 70 °C under N: with field strength of ~ 40 V/|am
for different periods of time and then quenched to room temperature before
turning off the electric field. Samples for small angle x-ray scattering (SAXS)
measurements were prepared by drop casting the mixed solutions onto Kapton
films and then annealed at 170 °C under vacuum for 2 days. To prepare samples
for transmission electron microscopy (TEM) measurements, a thin layer of
carbon (~ 20 nm) was evaporated onto the surface of the samples before
embedding into epoxy which was cured at 60 °C overnight. The films were
transferred from the substrate to the epoxy by dipping into liquid N2. All samples
were microtomed at room temperature with a diamond knife, and then collected
onto copper grids. The thin sections were exposed to ruthenium tetraoxide vapor
for -35 min to enhance the contrast.
Characterization. SAXS experiments were performed at room
temperature under vacuum with the exposure time of 30 to 60 min, using an
Osmic MaxFlux X-ray source with a wavelength X of 1 .54 A and a 2-
dimensional, multi-wire proportional detector. The sample-to-detector distance
(calibrated using silver behenate) was 1 1 89 mm. TEM measurements were
performed on a JEOL TEM200CX at an acceleradng voltage of 200 kV. Tapping
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mode scanning force microscopy (SFM) measurements were performed with a
Dimension 3000, Nanoscope III from Digital Instruments Corp. Grazing
incidence small-angle x-ray scattering (GISAXS) measurements were performed
at beamline X22B at National Synchrotron Light Source at Brookhaven National
Laboratory using x-rays with a wavelength ot X = 1.5094 A with an exposure
time of 30 s per frame. Typical GISAXS patterns were taken at an incidence
angle of 0.2", above the critical angles of the copolymer and below the critical
angle of the silicon substrate. Consequently, the entire structure of copolymer
thin films could be detected.
7.3 Results and Discussion :
Matsen calculated the relationship between the applied electric field
strength, and the volume fraction of the minor phase in BCPs and predicted
that an optimum condition for the electric-field-induced S-to-C transition
required a large dielectric contrast, a matrix composed of the low-dielectric
constant material, and a BCP composition f as symmetric as possible." ' On the
basis of his argument, a d-PS-/j-d-PMMA copolymer with Mw = 128k and fd-ps
= 0.88 was used in this study. Figure 39 shows SAXS profile of the copolymer
and the corresponding TEM image in the bulk after thermal annealing at 1 70 °C
for 2 days. The SAXS profile for the neat copolymer shows two reflections at
Iq* and 5' ~q* (q* is the value of q at the first peak and q=(47i/A,)sin(20), where
26 is the scattering angle), suggesting a spherical morphology."^'*' ^" The real-
space observation by TEM further confirms the liquid-like packing of spherical
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microdomains (Figure 39b). Figure 39c is the TEM image of the top view of an
uhrathin film with a thickness of ~35 nm on a native Si substrate after thermal
annealing at 170 °C for 2 days. Hexagonal packed spherical microdomains are
observed, verifying that the spherical microdomains are not be disrupted by the
strong preferential interfacial interactions. The diameter of the d-PMMA
microdomains is ~ 24 nm with a center-to-center distance of - 44 nm. In Figure
39d, the cross-sectional TEM image of a film with a thickness of -600 nm on a
native Si substrate after thermal annealing at 170 °C for 2 days demonstrates that
0.2 0.4 0.6 0.8 1.0
q (nm ')
Figure 39. (a) SAXS profile and (b) TEM image of the d-PS-/>d-PMMA
copolymer in the bulk after thermal annealing at 1 70 °C for 2 days followed by
quenching to room temperature, (c) TEM image of a ~ 35-nm copolymer thin
film and (d) cross-sectional TEM image of a ~ 600-nm copolymer thin film on
the native Si substrate after thermal annealing at 1 70 °C for 2 days followed by
quenching to room temperature.
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the copolymer forms a spherical microdomain morphology but the packing of
multilayered spherical microdomains is not well-defmed. All these results give
evidence that the copolymers in both the bulk and thin films have a spherical
microdomain morphology.
The influence of the interfacial interactions on the electric-field-induced
S-to-C transition was evaluated by use of the copolymer thin films on two
different substrates. One was a native Si substrate that has a strong preferential
interaction with PMMA block, and the other is a Si substrate on which the
interfacial interactions are balanced by anchoring a 58/42 P(S-r-MMA) random
copolymer. Shown in Figure 40 are the SFM phase images of these films after
annealing under the applied electric field at 170 °C for 24 hrs. In contrast to a
featureless SFM image for the film on the native Si substrate (Figure 40a), the
hexagonal d-PMMA microdomains distributed in the d-PS matrix with the
diameter of ~ 1 8 nm are observed for the film on the neutralized surface where
the interfacial interactions are balanced (Figure 40b). The cross-sectional TEM
image in Figure 40c shows that the multilayered spherical microdomains in the
film on native Si substrate are packed in a body center cubic lattice while in the
film on the neutralized surface (Figure 40d), cylindrical microdomains oriented
normal to the film surface penetrate through the entire film. The homogeneity of
the structures over macroscopic lateral distances was further probed by GISAXS.
The ring of scattering observed for the copolymer thin film prepared on the
native silicon oxide substrate shows that the spherical microdomains are packed
randomly (Figure 40e), whereas strong Bragg rods (vertical streaks) together
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with multiple higher-order reflections along qy direction are observed from the
copolymer thin film on the neutralized surface (Figure 40f). The strong Bragg
rods correspond to the first-order reflection from cylinders oriented normal to the
Figure 40. (a) SFM phase image of a ~ 600-nm d-PS-/>-d-PMMA copolymer thin
film on a native Si substrate after annealing at 170 °C under a ~ 40V/|im electric
DC field for 24 hrs, (c) The corresponding cross-sectional TEM image and (e)
GISAXS pattern; (b) SFM phase image of a ~ 600-nm d-PS-^-d-PMMA
copolymer thin film on a Si substrate modified by a P(S-r-MMA) random
copolymer with a styrene fraction of 0.58 after annealing at 170 °C under a ~
40V/|im electric DC field for 24 hrs, (d) The corresponding cross-sectional TEM
image and (f) GISAXS pattern. The interactions of the d-PS and d-PMMA blocks
with this modified surface are balanced"'^. Scale bar in the SFM images is 500 nm
and scale bar in TEM images is 200 nm.
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surface with finite length. The multiple higher-order reflections with a ratio of
peak positions of 1 : 3' 2: 7*^^ (qy scan is not shown) indicate that cylindrical
microdomains oriented normal to the substrate are laterally packed into
hexagonal arrays, consistent with the SFM and cross-sectional TEM
observations. Moreover, the absence of scattering along qz direction indicates
that there are no layered structures in the film. All these results suggest that
interfacial energies play an important role in the electric-field-induced S-to-C
transition. It has been predicted that an applied electric field less than the critical
electric field strength for S-to-C transition can not initiate the elongation of the
spherical microdomains to form cylinders orientated in the direction of the
electric field.^^' Here, the applied electric field can not even deform the spheres
into ellipsoids for the film on the native silicon oxide substrate, indicating that
the existence of strong preferential interfacial interactions significantly increases
the critical electric field strength compared with the one on the neutralized
surface.
The dependence of electric-field-induced S-to-C transition on the interfacial
interactions was further examined as a function of 5. Figure 41 shows the SFM
phase images of the copolymer thin films on the Si substrate modified by P(S-r-
MMA) random copolymers with styrene fractions of 0.3, 0.8 and 0.9 after
annealing at 1 70 °C under a ~ 40V/nm electric DC field for 24 hrs. The
corresponding 5 values are 0.53, 0.73 and 0.94, respectively. For the copolymer
film on the surface with 5 = 0.53, the d-PMMA microdomains pack in hexagonal
arrays with small areas of featureless defects (Figure 41a). As the strength of the
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interfacial interaction increases (5 = 0.73), the d-PMMA microdomains randomly
distribute in a featureless matrix (Figure 41b). Further increasing the strength of
the interfacial interaction to 5 = 0.94, a completely featureless surface is
observed (Figure 41c). The inner structures of these thin films examined by TEM
are shown in Figure 42. For the film on the surface with 5 = 0.53, short tilted
cylindrical microdomains form. Lyakhova et al.''^ predicted that the
(a) (b)
Figure 41. SFM phase images of the d-PS-^-d-PMMA copolymer thin films on
the Si substrates modified by the PS-r-PMMA random copolymers with a styrene
fraction of (a) 0.3; (b) 0.8 (c) 0.9 after annealing at 170 °C under a ~ 40V/fam
electric DC field for 24 hrs. Scale bar: 500 nm.
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interconnections of ellipsoids were not started in the electric field direction but
rather dictated by the proximity of ellipsoids. The short cylinders formed would
rotate as a whole by diffusion at a later stage and, eventually, orient normal to the
substrate. According to this predication, the observation in Figure 42a indicates
that the S-to-C transition is not a complete but an intermediate stage. Multilayers
of short undulating cylinders are observed in the cross-sectional TEM image of
the film on the surface with 5 = 0.73 (Figure 42b), indicating they are at the
earlier intermediate stage of S-to-C transitions since the undulating cylinders are
developed from the merge of elongated spheres in the films. Both elongated
(a)
(b)
I s
Figure 42. Cross-sectional TEM images of the d-PS-/)-d-PMMA copolymer thin
films on the Si substrates modified by the P(S-r-MMA) random copolymers with
a styrene fraction of (a) 0.3; (b) 0.8 (c) 0.9 after annealing at 170 °C under a ~
40V/|am electric DC field for 24 hrs. Scale bar: 200 nm.
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spheres and undulating short cylinders with the poor ordering co-exist in the film
on surface with 6 = 0.94, suggesting that this is at an even earlier stage of the S-
to-C transition. Thus, the different stages of S-to-C transition occur at the same
time scale in the films with different strengths of interfacial interactions,
indicating that interfacial energies do have an effect on the kinetics of electric-
field-induced S-to-C transition.
To further confirm the influence of interfacial energies on the kinetics of
S-to-C transition, we compared the time-evolution of the morphologies in thin
films on surfaces with 5 = 0.73 and 5 = 0 at an earlier and later stage. Figure 43
is the cross-sectional TEM images of the copolymer thin films on the surface
with 6 = 0.73 after annealing at 170 °C under a ~ 40V/|.im electric DC field for 5
and 48 hrs, respectively. For the film under the applied electric field for 5 hrs, the
spherical microdomains have no deformation and seem identical to those in the
film just after thermal annealing (Figure 39d). After annealing under the applied
electric field for 48 hrs, the spherical microdomains have been converted into
tilted cylindrical microdomains having different lengths. A similar structure
evolution is observed in films where the interfacial interacfions have been
balanced. However, the time required for the transition is much shorter. Shown in
Figure 43 are cross-sectional TEM images of the copolymer films on the
neutralized surface after annealing at 1 70 °C under a ~ 40V/\xm electric DC field
for 5 hrs and 1 8 hrs. The spherical microdomains are already elongated along the
electric field direction after annealing under the electric field for 5 hrs. These
elongated spheres interconnect into short cylinders after annealing for 1 8 hrs
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(Figure 43b) and eventually transform into cylinders oriented normal to the
substrate through the entire film after annealing for 24 hrs (Figure 40d). These
results demonstrate that the electric-field-induced S-to-C transition is achievable
for films on the surface with moderate interfacial interactions as long as the
annealing times are long enough.
(a)
(b)
1
Figure 43. Cross-sectional TEM images of the d-PS-/)-d-PMMA copolymer thin
films on the Si substrates modified by a P(S-r-MMA) random copolymer with a
styrene fraction of 0.8 after annealing at 170 °C under a ~ 40V/|a,m electric DC
field for (a) 5 hrs; (b) 48 hrs. Scale bar is 200 nm.
All the above results demonstrate the influence of interfacial energies on
the electric-field-induced S-to-C transition. In our previous studies, it was shown
that the formation of ion-complexes in PS-/)-PMMA copolymers can increase A£-
and mediate the strong interfacial interactions at the substrate surface."^''" Here,
the effect of ion-complexes on the electric-field-induced S-to-C transition
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(b)
Figure 44. Cross-sectional TEM images of the d-PS-/)-d-PMMA copolymer thin
films on the Si substrate modified by a P(S-r-MMA) random copolymers with a
styrene fraction of 0.58 after annealing at 170 °C under a ~ 40V/|^m electric DC
field for (c) 5 hrs; (d) 18 hrs. Scale bar is 200 nm.
was examined using the copolymer with ~ 4% of carbonyl groups coordinated to
lithium ions. The complexed copolymer still exhibits a spherical microdomain
morphology as shown in Figure 45. Figure 46a is the SFM image of a ~ 500-nm
thick film of this lithium-complexed copolymer on a native oxide substrate after
annealing at 1 70 °C under a ~ 40V/fa,m electric DC field for 24 hrs. Distinct from
the neat copolymer film on the native Si substrate (Figure 40a), the hexagonal
packing of the d-PMMA microdomains in the d-PS matrix is seen, similar to the
neat copolymer film on a neutralized surface (Figure 40b). The inner structure of
the film was further probed by GISAXS and cross-sectional TEM. In Figure 46b,
the GISAXS pattern of strong Bragg rods (vertical streaks) together with multiple
higher-order reflections along qy give evidence that the cylindrical microdomains
are oriented perpendicular to the substrate, consistent with the cross-sectional
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TEM result (Figure 46c). These results indicate that the formation of ion-
complexes in the BCP enhances the electric-field-induced S-to-C transition in
thin films
Figure 45. (a) TEM image of a ~ 35-nm thin film and (b) cross-sectional TEM
image of a ~ 550-nm thin film of the d-PS-Z^-d-PMMA copolymer with ~ 4 % of
carbonyl groups coordinate to lithium ions on the natively oxidized silicon wafer
after thermal annealing at 170 °C for 2 days followed by quenching to room
temperature. Scale bar: 200 nm.
The structure of lithium-complexed copolymer film at the early stage is
shown in Figure 47. After annealing at 170 °C under a ~ 40V/|uim electric DC
field for 5 hrs, spherical microdomains were elongated into ellipsoids with their
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Figure 46. (a) SFM phase image of a ~ 500-nm thick film of d-PS-/)-d-PMMA
copolymer with ~ 4 % of carbonyl groups coordinate to lithium ions on a native
Si substrate after annealing at 170 °C under a ~ 40V/fim electric DC field for 24
hrs, (b) The corresponding GISAXS pattern and (c) Cross-sectional TEM image.
Scale bar in SFM images is 500 nm and scale bar in TEM images is 200 nm.
long axes in the direction of the applied electric field. In contrast to the neat
block copolymer film on a surface with balanced interfacial interaction after
after annealing for 5 hrs, the degree of stretching of the complexed copolymer is
slightly higher, indicating that the kinetics of the ion-complexed copolymer film
is more rapid than that of the neat copolymer.
t
Figure 47. Cross-sectional TEM image of a thin film of the d-PS-/)-d-PMMA
copolymer with ~ 4 % of carbonyl groups coordinate to lithium ions on a native
Si substrate after annealing at 1 70 °C under a ~ 40V/|im electric DC field for 5
hrs. Scale bar is 200 nm.
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7.4 Conclusions
We have shown that interfacial energies can affect the electric-field-
induced S-to-C transition by increasing the critical electric field strength and
prolonging the time scale of kinetics. A very strong preferential interfacial
interaction can suppress the electric-field-induced S-to-C transition even though
such transitions occurred on a neutralized surface under the same condition. For a
moderate interfacial interaction, the S-to-C transition can be induced by an
applied electric field, but the time scale of the morphology change is much
longer. In addition, the formation of ion-complexes enhances the ability of the
applied electric field to induce S-to-C transition due to a coupling of the increase
of A£-and the mediation of interfacial interactions. By incorporation of ion-
complexes into BCPs, the electric-field-induced S-to-C transition can be
achieved without any surface modification, providing a simple route to generate
the ordered arrays of high-aspect-ratio cylinders oriented normal to the surface.
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CHAPTER 8
FUTURE DIRECTIONS
This thesis systematically investigated the influence of lithium ions on the
electric-filed-induced reorientation of microdomains in BCP thin films. It has
shown that ionic complexes in PS-/>PMMA copolymers not only made possible
the complete alignment of lamellar microdomains, but also enhanced the electric-
field-induced sphere-to-cylinder transition. The complexation enhanced the
dielectric difference between PS and PMMA blocks; mediated the preferential
interfacial interactions between copolymers and the substrate; and increased the
incompatibility of two blocks. All these factors, coupling with each other and
acting as a whole, constructed the physical origin of the enhanced electric-field
ability to align BCP microdomains. However, there are still unanswered
questions arising from the unexpected experimental results and interesting areas
that are worth continuing to work.
In Chapter 6, it has been shown that the segmental interaction parameter,
X, of PS and PMMA increased and became nearly temperature-independent due
to the formation of lithium-PMMA complexes. The less temperature dependence
of / for the lithium-complexed PS-/)-PMMA came arise from the marked
increase in Xs (from 0.0294 for the neat copolymer to 0.0363 for the complexed
copolymer) and decrease in /h (from 3.2 to 0.2), suggesting that the formation of
ionic complexes in the copolymer may induce changes in density, chain packing,
chain flexibility and self-interaction energies of the each block. The phase
behavior of lithium-complexed PS-Zj-PMMA should be dependent on the
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concentration of ionic complexes in the copolymer under a hydrostatic pressure
P. For neat PS-/)-PMMA copolymers, only the upper disorder-order temperature
(UDOT) was observed. If the phase behaviors of lithium-complexed PS-/)-
PMMA turn to an entropic-driven phase transition, the lower disorder-order
temperature may be seen for the low-molecular-weight PS-Zj-PMMA copolymers
at high temperature. To explore this, SANS experiments can be performed by
using symmetric BCPs with low molecular weights. Furthermore, only the effect
of lithium-PMMA complexes on phase behaviors of PS-/)-PMMA copolymers
has been studied till now. Although the complexation interaction is the key factor
in this process, it is still unclear how the ionic complexation affects the phase
behavior of other BCPs with weak segmental interactions, especially for PS-/?-
PBMA with the LDOT phase behavior and PS-Z)-PnPMA with the close-loop
phase behavior.
One of the motivations of this study is to fabricate BCP thin films with
highly oriented and long-range ordered structures by using the effect of ionic
complexation in block copolymers. As is well know, the electric field is an
effective way to control the orientation of BCP microdomains in thin films, but it
requires surface modification to mediate the interfacial interactions of each block
with the substrate for the complete alignment. The formation of ionic complexes
makes the surface modification unnecessary and increases the local ordering of
the microdomains due to the increase in incompatibility between two blocks.
However, it is still challenging to obtain a long-range ordering structure in the
ion-complexed BCP thin film under an applied electric field since an electric
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field itself has no control in the lateral ordering of the microdomains. The true
three-dimensional control of ordering frequently requires that more than one
direction of organization can be controlled. By chance, a mechanical shear was
applied on the BCP films that were aligned under the external electric field. The
preliminary result shown in Figure 48 indicated that by applying an orthogonal
mechanical shear during the electric-field experiment, lamellar microdomains
oriented normal to the surface with long-range ordering was achieve in BCP thin
films (~ 300 nm). Inspirited by this preliminary result, a systematically study
merits to start. \
Figure 48. SFM height (left) and phase (right) image of a ~ 300-nm thick PS-h-
dPMMA copolymer thin film on a native Si substrate after annealing at 1 70 °C
under a ~ 40V/|j,m electric DC field for 24 hrs.
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